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ABSTRACT 
 Transition-metal oxides (TMOs) display numerous fascinating and complex 
properties, such as mixed-valency, low dimensionality, lattice distortion, and phase 
transition, etc. These properties arise from the partially filled d- or f-electron shells of TM 
cations and are often accompanied by the intriguing interplay between degrees of 
freedom. To understand the complexity of d-electron TMOs, this thesis is primarily 
focused on studying their underlying electronic structure using x-ray absorption 
spectroscopy (XAS), x-ray emission spectroscopy (XES), x-ray photoemission 
spectroscopy (XPS), and resonant inelastic x-ray scattering (RIXS). The measurements at 
the O K- and TM L-edges are achieved by taking advantage of high-flux and high-
resolution synchrotron radiation light with tunable monochromatic photon energy.  
Four electronically and structurally distinctive oxides are selected as representative 
TMOs for investigation in this thesis. To begin with, through a comparative study of 
WO3 and Na0.67WO3 crystals, the narrowing of the conduction band is observed with Na 
doping and the core-hole energy shift in the O K-edge XAS process is experimentally 
determined. Indirect and direct band gaps of photoanode WO3 are measured from the 
 vii 
resonant XES with polarization-dependent experimental geometry. The other sodium 
bronze studied is quasi-one-dimensional β-Na0.33V2O5 polycrystalline film. The film 
stoichiometry, preferential orientation, and orbital anisotropy are well characterized by a 
variety of photon and electron techniques and compared to density-functional theory 
(DFT) calculation. The V 3d orbital splitting of β-Na0.33V2O5 is surveyed by the V L-edge 
RIXS and compared with isoelectronic β-Sr0.17V2O5 regarding distortions to VO6 
octahedra. 
Furthermore, the complex electronic structure of Mott insulators La1-xLuxVO3 is 
investigated to understand their spin-orbital phase diagram. The effects of rare-earth size 
on the O 2p hybridization states and the local crystal field of VO6 octahedron are found to 
agree with the prediction of DFT calculation and the evolution of crystal structure. The 
changes of experimental spectra with temperature are associated with Jahn-Teller 
distortion and orbital ordering due to structural phase transition. Lastly, the band structure 
and low-energy excitations of spinel MnV2O4 are explored using soft x-ray 
spectroscopies and theoretical calculations. The presence of Hubbard bands and the 
mixing between V and Mn 3d states are suggested both experimentally and theoretically. 
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Chapter 1 Introduction to the electronic structure of transition-metal 
oxides 
 
1.1 Motivation of thesis study  
Transition-metal oxides (TMOs) form a wide range of important compounds with 
fascinating fundamental properties and enormous technological applications. For many 
years, TMOs have continued to stimulate significant interest from both a scientific and 
technological perspective.[3, 4] Different from other metals, transition metals (TMs) 
present unfilled inner d- or f-electron shells. To form the ionic bonds of TMOs, the TM 
cations surrender their outer electrons to complete the unfilled p shells of oxygen anions. 
As their valence electrons also arise from the outermost shell, for example, s-shell, TMs 
often have more than one oxidation state. For the TMs with 3d
n
 electron configuration, 
the partially filled 3d shell is exposed to the molecular environment with the outer 4s 
electrons being stripped. Therefore, the electric and magnetic fields of a crystal lattice 
with specific symmetry come into play.[5] This leads to the coupling between spin, 
charge, orbital, and lattice degrees of freedom and the subsequent lattice distortion and 
phase transitions of TMOs.  
The first motivation of this thesis is to study the electronic structures of some 
representative TMOs closely related to their complex properties, including, but not 
limited to, orbital anisotropy, mixed-valence, lattice distortion, and phase transitions, etc. 
In this thesis, the electronically and structurally distinctive oxides, WO3 and Na0.67WO3, 
V2O5 and β-Na0.33V2O5, La1-xLuxVO3, and MnV2O4, are chosen to be investigated. The 
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experimental techniques used in this thesis are synchrotron-based spectroscopies, such as 
soft x-ray absorption spectroscopy (XAS), soft x-ray emission spectroscopy (XES), x-ray 
photoemission spectroscopy (XPS), and resonant inelastic soft x-ray scattering (RIXS).  
The crystal structures of these oxides display a diversity of important structures, such as 
the network of corner-sharing octahedra (sodium bronzes), the perovskite structure 
(AMO3), and the spinel structure (AB2O4). For example, the γ-WO3 structure is composed 
of a framework of distorted corner-sharing WO6 octahedra,[6-10] and, for cubic NaxWO3, 
the sodium atoms occupy a fraction of the interstitial sites within the WO6 
framework.[11-14] β-Na0.33V2O5 has a highly anisotropic monoclinic structure with the 
Na
+
 cations situated on the interstitial sites in each tunnel and forming a pair of chains 
along the crystal b axis within the V2O5 framework.[4, 15] The O K-edge XAS and XES 
spectra, which measure the unoccupied and occupied partial density of states (PDOS) of 
the O 2p orbitals, are employed in this thesis to study the TM 3d-O 2p bonding closely 
associated with the crystal structure. In addition, through taking advantage of the k-
selection rules, the polarization-dependent XAS provides access to the anisotropy of 
orbital hybridization. 
The transition-metal ions of these oxides contain the 5d series element W and the 3d 
elements V and Mn, as well as various d-electron configurations from d
0
 to d
5
.  In 
particular, the vanadium charge state has a mixed valence of V
5+
 and V
4+
 (d
1
) in β-
Na0.33V2O5, but is pure V
5+
 (d
0
) in V2O5, whereas La1-xLuxVO3 and MnV2O4 are both V
3+
 
d
2
 systems. The V L-edge XAS, together with the atomic multiplet calculations, are 
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sensitive to the local atomic environment and oxidation state of the V site and are suitable 
to explore the effect of V 3d valence on the electronic structure. 
For the vanadium oxides here, the basic building block is VO6 octahedron and the V-site 
local environment is similar. For example, the perovskite-type RVO3 structure is based on 
a framework of corner-sharing VO6 octahedra[16] and the spinel MnV2O4 presents a 
frustrated pyrochlore lattice with corner-sharing tetrahedra.[17] Owing to an excitonic 
state left within the TM 3d orbitals, RIXS probes the intra-site dd
*
 transitions and directly 
measures the TM 3d orbital splitting. In this thesis, the local crystal field of the V 3d 
orbitals in a VO6 octahedron are extensively investigated by the V L-edge RIXS spectra, 
through comparison with the crystal field multiplet (CFM) model.  
The correlated vanadium oxides display the fascinating structural and magnetic phase 
transitions driven by the electron correlation and the interplay between different degrees 
of freedom. For example, the classic Mott insulators, RVO3 (R = rare-earth ion elements 
or Yttrium), offer a complex phase diagram of both orbital ordering (OO) and spin 
ordering (SO) phenomena, stemming from their two-fold occupation of the three-fold 
degenerate V t2g orbitals.[18, 19] This spin-orbital phase diagram was found to evolve 
with temperature, R-site ionic size,[18, 19] and R-site substitution.[20, 21] The V L3-edge 
RIXS measurements at high-resolution are performed to study the rare-earth size effect 
on the electronic structure of La1-xLuxVO3. Additionally, the change of the crystal field 
and the electron transition probability of the V 3d orbitals, particularly the t2g orbitals, 
with the formation of the OO is investigated. 
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The other motivation of this thesis study arises from the advantages of x-ray 
spectroscopies compared to other experimental techniques. Among the experimental 
techniques of condensed matter physics, x-ray spectroscopy has an advantage of 
combining both electron and photon spectroscopic probes, which can probe both surface- 
and bulk-electronic structures, respectively. In addition, synchrotron radiation makes this 
technique more powerful by providing high photon flux and tunable monochromatic 
photon energy.  
In the history of condensed matter experiments, the traditional method to explore the 
valence band (VB) structure of solids is to employ photoemission spectroscopy 
(PES).[22] Angle-resolved photoemission spectroscopy (ARPES) has been recently 
developed to measure the band dispersions and Fermi surfaces of single-crystalline 
materials.[23] However, it is difficult for photoemission to measure the bulk VB 
structure. Although, by varying the photon energy, e.g. x-ray and ultraviolet light (XPS 
and UPS), the electron mean free path can be improved (typically a probing depth of ~ 
0.5-10 nm), PES is generally a surface-sensitive technique. Moreover, surface charging 
during PES measurements can be a problem for insulating samples, although charge 
compensation may be achieved by an electron flood gun, and the necessary sample 
cleaning procedures may damage the surface. Instead of PES, XES is heavily invested in 
this thesis study. As a photon-in and photon-out technique, XES reflects the bulk-like VB 
structure (a sampling depth of ~ 100 nm) with orbital-, element- and site-specificity. In 
addition, XES can be applied to measure a wide range of materials in various sample 
forms, including non-crystalline and non-conducting samples. Lastly, the use of high-
  
5 
intensity monochromatic synchrotron radiation as the excitation source, combined with 
the experimental geometry of the emission spectrometer with respect to the radiation 
polarization, enables RXES and RIXS as primary probes to investigate the electronic 
structure of correlated materials.[24-26]  
The CB structure of solids can be measured by experimental techniques, such as electron 
energy-loss spectroscopy (EELS) and XAS. Compared with EELS, XAS in the 
fluorescence yield has an advantage of probing more bulk sensitivity. By utilizing high-
flux and high-resolution synchrotron radiation, XAS usually achieves a better resolution 
than EELS.  
The TM d orbital splitting, which reflects the local crystal field, can be measured by 
optical spectroscopy and RIXS. In contrast to optical spectroscopy, which detects the 
inter-site dd
*
 excitations across two adjacent TM-sites (the Mott-Hubbard (MH) 
transitions), RIXS probes the intra-site dd
*
 transitions within a single TM-site (local 
crystal-field excitations) and directly measures the d orbital splitting. Moreover, in the 
orbital-ordered states, which have been identified by x-ray diffraction, RIXS can test 
theories about orbital ordering through investigating the crystal field and electron 
population of d orbitals.  
In summary, the band structures of prototypical W- and V-based TMOs are extensively 
investigated in this thesis, focusing on their complex properties. With few notable 
exceptions, the detailed electronic structure of these selected oxides has not previously 
been measured using high resolution soft x-ray spectroscopies. Furthermore, by means of 
direct comparison to density-functional theory (DFT) calculations, a comprehensive 
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study has been carried out from both an experimental and theoretical perspective in this 
thesis. 
 
1.2 Thesis organization 
To introduce the experimental techniques employed in this thesis, Chapter 2 provides a 
detailed description of soft x-ray spectroscopies. A brief overview of the theoretical 
methods of electronic structure calculation and a presentation of sample growth and 
characterization are contained in Chapter 3. The main results of this thesis study are 
included in Chapters 4-7. The last Chapter 8 gives the conclusion of this thesis and some 
possible future work. 
The first TMO studied, the photoanode WO3, is discussed in Chapter 4. Tungsten trioxide 
(WO3) is widely applied as an excellent electrochromic material and a suitable 
photoanode material.[27] Upon sodium incorporation in bulk WO3, sodium-tungsten 
bronze (NaxWO3) presents activated conduction at low doping levels, but undergoes a 
transition to a metallic phase for x ≥ 0.25.[13, 27] The goal of my thesis is to study the 
band structure of γ-WO3 and the band filling of WO3 with heavy Na doping (x ≈ 0.67). 
For γ-WO3, the anisotropy of the O 2p PDOS and the band dispersion of the O 2p states 
are experimentally investigated through the angle-dependent XAS and the orbital-specific 
resonant XES at the O K-edge. The experimental results are directly compared with DFT 
calculations. The XAS core-hole energy shift of metallic Na0.67WO3 is accurately 
measured and the indirect and direct band gaps of insulating WO3 are hereafter 
determined from the experimental spectra. Finally, a comparative XAS/XES study of 
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WO3 and Na0.67WO3 is performed to test the validity of two competing models about the 
conduction band (CB) of WO3 with sodium doping.     
Chapter 5 discusses the quasi-one dimensional (1D) β-Na0.33V2O5. β-phase sodium 
vanadium bronzes, β-NaxV2O5 (0.2 ≤ x ≤ 0.4), are well-known as quasi-1D 
conductors[28-30] and high-performance cathode materials.[31-33] Previous studies[28-
30] of β-Na0.33V2O5 suggested possible connections between the quasi-1D crystal 
structure, highly distorted lattice, and strongly anisotropic electrical conductivity. In 
addition, comparative studies of the electronic and structural structures of β-AxV2O5 
compounds raised questions about the similarity between β-Na0.33V2O5 and β-Sr0.17V2O5 
with equivalent A-site electron doping.[34] In order to address these issues in my thesis, 
the electronic structure of polycrystalline β-Na0.33V2O5 is comprehensively studied 
through a combined survey of thin-film growth, spectroscopic measurements, and 
theoretical calculations. The orbital anisotropy of the sol-gel derived films due to the 
preferential growth orientation is probed by the polarization-dependent XAS and is 
compared to the DFT calculations. The energy splitting of V 3d t2g orbitals of β-
Na0.33V2O5 are directly measured by the V L-edge RIXS and the distortion of VO6 
octahedra is compared between β-Na0.33V2O5 and β-Sr0.17V2O5. 
In Chapter 6, the mixed RVO3 compounds, Lu1-xLaxVO3, are discussed. In my thesis 
study, the mixture Lu1-xLaxVO3 system is chosen to approach the entire region of rare-
earth ionic radius, as well as substantial R-site size variance. The changes of the O 2p 
states with temperature and R-site ionic size, owing to the structural evolution, are 
investigated by the O K-edge XAS and XES spectra and are compared with the DFT 
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calculations. The crystal-field dd
*
 excitations of Lu1-xLaxVO3 are investigated by the 
high-resolution RIXS spectra at the V L3-edge in details. The R
3+
-site size-dependence of 
dd
*
 transitions is discussed and related to the tilting magnitude of VO6 octahedra. The 
spectral intensity of dd
*
 transitions at low temperature is compared between the pure 
compounds and the mixture compounds, which display different types of OO.   
Lastly, the spinel MnV2O4, is presented in Chapter 6. The spinel oxides AB2O4 undergo 
an orbital order-disorder transition, as well as complicated magnetic ordering transitions 
at low temperatures.[35, 36] The spinel MnV2O4 contains two magnetic ions, Mn
2+
 with 
partially filled eg orbitals and V
3+
 with active t2g orbital electrons. In my thesis, the local 
crystal fields of the V and Mn 3d orbitals are extensively studied by the V L3-edge and 
Mn L3-edge RIXS spectra, respectively. The XAS and XES spectra at the O K-edge are 
compared to the O 2p PDOS obtained from DFT. The resonant XPS spectra at the V L3-
edge and Mn L3-edge and the resonant XES spectra at the O K-edge, together with the 
DFT calculation, determine the energy locations of the V and Mn states in the band 
structure. 
  
  
9 
Chapter 2 Synchrotron-based x-ray spectroscopic techniques 
 
2.1  Synchrotron radiation and beamline 
2.1.1 Principle of synchrotron radiation 
The emission and spectral characteristics of synchrotron radiation are described by 
classical electrodynamics. In particular, electrons accelerated in a circular motion at 
subrelativistic velocities emit radiation in a dipole pattern, as shown in Figure 2.1a.[1] 
However, electrons in modern storage rings have energies many times that of their rest 
mass and travel at relativistic velocities, which modifies the pattern of radiation observed 
in the laboratory frame of reference. According to the theory of relativity, the opening 
angle of the emitted radiation is approximated as ∆ ≈ γ-1 with γ given by E/mec
2
, where 
E is the electron energy, me is the electron rest mass, and c is the speed of light. 
Therefore, the radiation is emitted in a narrow cone along the direction of the electrons 
motion in the laboratory frame, as demonstrate in Figure 2.1b. This leads to one of the 
most important and useful properties of synchrotron radiation, i.e. high brightness. The 
spectrum of emitted photons is obtained by taking the Fourier transform of the time 
dilated radiation pulse of the accelerating electron. 
Historically, the first-generation synchrotron rings were initially built for high-energy 
physics experiments. Since the 1980s, the second-generation synchrotron facilities, e.g. 
National Synchrotron Light Source - 1 (NSLS-1) at Brookhaven National Laboratory 
(BNL), have been developed as fully dedicated storage ring sources. In addition to the 
ring bending magnets, the insertion devices, such as the wiggler and undulator magnets, 
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are designed to improve the beam flux and brightness. The third-generation sources are 
the new storage rings with lower emittance and long straight sections for insertion 
devices to achieve higher brightness and considerable spatial coherence. Figure 2.2 
presents the layout of Advanced Light Source (ALS) at Lawrence Berkeley National 
Laboratory (LBNL), as a representative of the third-generation synchrotron light sources.  
As displayed in Figure 2.2, the operation procedure of synchrotron radiation includes a 
few important and consecutive steps. In the beginning, several bunches of electrons are 
accelerated to moderate energies by a small linear accelerator. Then these electrons are 
injected into a small booster ring, where they accumulate to sufficient numbers while 
circulating. After that, they are further accelerated before being injected into the main 
synchrotron ring. This cycle of injection repeats until sufficient electrons are accumulated 
in the main ring, where they are finally accelerated to high energies of typically several 
GeV. The synchrotron ring is composed of many straight sections connected with the 
Figure 2.1. Schematic diagram of the radiation pattern emitted by a circling electron at (a) 
subrelativistic and (b) relativistic velocities in the laboratory frame of reference.[1]  
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bend magnets, which force the high energy electrons to carve a small segment of a 
smaller radius circle than the ring size. Due to synchrotron radiation at each turn around 
the ring, electrons lose a significant amount of energy. In order to maintain the electron 
energy, radio frequency cavities are placed around the ring to accelerate the passing 
electrons. 
 
 
Figure 2.2. A schematic diagram of the layout of Advanced Light Source at Lawrence Berkeley National 
Laboratory, as a typical example of the third-generation synchrotron light sources. Applications of 
experimental stations at the beam lines are indicated. 
 
  
12 
As mentioned above, for a modern synchrotron, three basic magnetic structures, 
including the bend magnet and two basic types of straight section appliances, i.e. 
insertion devices, are used to stimulate synchrotron radiation. The bend magnet has the 
simplest structure with a region of constant magnetic field. The electrons are accelerated 
through a circular path in the horizontal plane, which generates a fan of radiation in the 
horizontal direction. Typically, a portion of this output radiation is collected by a mirror 
and directed toward an experimental station, e.g. Beamline X24A at NSLS. The output 
spectrum of the bend magnet device is referred to as the universal synchrotron curve,[1] 
which is displayed in Figure 2.3a. The typical values for the critical frequency ωc, 
defined as the frequency that divides the emitted power into equal halves, are within the 
range of 10
3
-10
4
 eV. 
 
 
Figure 2.3. (a) The universal synchrotron radiation curve.[1] (b) A comparison of spectral brightness for 
several synchrotron radiation sources and conventional x-ray sources.[2]  
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Both types of insertion device, wigglers and undulators, consist of periodic magnetic 
structures that force the electrons to move in a periodic fashion in the horizontal plane, as 
illustrated in Figure 2.4.[1] The difference between them lies in the relative strength of 
the magnetic fields and the period of the magnetic structures employed.  
 
 
Figure 2.4. The periodic motion of electrons through an insertion device and the resultant radiation.[1]  
 
At one extreme, a wiggler is designed with a high magnetic field and a relatively long 
period of the magnetic structure. This leads to a highly non-sinusoidal electron path, as 
shown in Figure 2.5a.[1] Each period of the wiggler magnet can be approximated by two 
bend magnets and the entire wiggler is nearly equivalent to a series of bend magnets. 
Accordingly, the output spectrum of a wiggler resembles that of a bend magnet, but with 
a larger intensity in proportion to the number of periods employed. At the other limit, a 
more moderate magnetic field is employed in undulators and the period of the structure 
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results in an almost sinusoidal electron path in its own frame of reference, as presented in 
Figure 2.5b.[1] Owing to the interference between the radiation emitted at each point 
along the path, the resultant spectrum produces sharp peaks at the fundamental frequency 
and the actual non-sinusoidal components of the electron motion leads to lower peaks at 
odd harmonics. In this way, an undulator concentrates the power output into a small 
spectral range. The photon energy at which the fundamental and harmonic peaks take 
place can be modified by adjusting the strength of the magnetic field, often through 
changing the vertical spacing between alternating magnetic structures, i.e. the undulator 
gap. Therefore, the undulator is a nearly ideal source for experimental techniques that 
Figure 2.5. A comparison of the electron motion and resultant photon spectrum approximately 
representing the cases of (a) a wiggler and (b) an undulator.[1]  
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require an intense and narrow bandwidth photon beam, e.g. the soft x-ray spectroscopies 
at Beamline X1B of NSLS and Beamlines 7.0.1 and 8.0.1 of ALS. 
In summary, synchrotron radiation provides a high brightness and high flux photon beam 
with improved spatial coherence. The brightness of several synchrotron radiation sources, 
as well as some conventional x-ray sources, is compared in Figure 2.3b. Typically, the 
brightness of synchrotron radiation is much higher than that of lab-based x-ray sources. 
The wigglers or undulators provide another order-of-magnitude or more improvement in 
flux and brightness over the bending magnets. The soft x-ray measurements in this thesis 
were performed at the BU endstation of Beamline X1B, NSLS, BNL and the AXIS and 
SXF endstations of Beamlines 7.0.1 and 8.0.1, ALS, LBNL. Both undulator beamlines 
are equipped with a spherical grating monochromator. The hard x-ray photoemission 
measurements in this thesis were performed at Beamline X24A, NSLS. This beamline 
has a bending magnetic source and is equipped with a high-resolution Electron Analyzer.   
2.1.2 Operation of synchrotron beamline 
The polarized radiation light generated from the synchrotron sources has a wide range of 
photon energy. For example, the U5 undulator of Beamline 7 at ALS provides linearly 
polarized x-rays in the energy range of 50-1200 eV. In order to obtain monochromatic 
photons for experimental purposes, the beamline optics are built next to the main ring to 
manipulate the x-rays. Figure 2.6 shows a schematic diagram of the arrangement of 
Beamline 7.0.1 at ALS. First, the synchrotron radiation light is focused onto the entrance 
slit before the monochromator gratings by a vertical condensing mirror. The x-rays are 
then diffracted and refocused by one of the three interchangeable spherical gratings. At 
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this stage, the photon energy of interest is selected by changing the grating tilt angle and 
placing the exit-slit position. In addition, the energy resolution of the monochromatic 
photons is adjusted by varying the entrance- and exit-slit widths. Finally, before being 
directed into the endstation chamber, the resultant x-ray beam is reflected by a plane 
mirror and refocused in the vertical and then horizontal directions. In between the 
refocusing mirrors and the measurement chamber, the beam passes through a gold coated 
mesh and the beam intensity is monitored simultaneously.  
 
 
Figure 2.6. A schematic diagram of the layout of Beamline 7.0.1 at ALS. 
 
 
2.2 Description of x-ray spectroscopies 
2.2.1 Soft x-ray absorption spectroscopy  
XAS involves the excitation of core electrons into the conduction band (CB) by incident 
x-rays, governed by the dipole-selection rule. Figure 2.7a presents a schematic diagram 
of this process. To a first approximation, the transition probability of the XAS process is 
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determined by Fermi's Golden Rule. The transition probability[37] per unit time from the 
ground state |i> to an excited state |f> driven by a harmonic time-dependent perturbation 
V(t)=V0e
-iωt
 is written as 
        
  
 
          
          (2.1) 
where ρf(E) is the density of final states. Within the dipole approximation, |x| « λ/2π is 
assumed, where |x| is the spatial extent and λ is the x-ray wavelength. That is to say the 
dipole electric field dominates the one-photon transition and the quadrupole contribution 
can be neglected. For the O 1s excitation at ~ 550 eV, the wavelength is calculated as  
λ/2π = 3.6 Å and the K-shell diameter |x| can be estimated as |x| ≈ 2a0/Z = 0.13 Å, where 
a0 is the Bohr radius and Z is the atomic number. Therefore, the dipole approximation 
works reasonably well for the O K-edge.  
 
 
Figure 2.7. A schematic diagram of the XAS process in (a) total electron yield and (b) total fluorescence 
yield modes. 
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Ultimately, the dipole approximation leads to the orbital dipole selection rule for 
radiative transitions: 
     ∆l = ±1     (2.2) 
For the K-shell excitation, only the transitions to the unoccupied states of p character are 
allowed. For example, the O K-edge XAS is due to the transitions from O 1s core level to 
unoccupied 2p orbitals. 
At the O K-edge, the matrix element in (2.1) is nearly constant, which directly relates the 
density of final states to the unoccupied PDOS. In this case, XAS approximately 
measures the unoccupied O 2p PDOS of the CB in the presence of a core hole.[38] 
Whereas, at the transition metal L-edge, this is not the case. The XAS process is 
dominated by the strong interactions between the 2p core hole and the 3d valence wave 
functions, i.e. multiplet effects.[39, 40]  
As the number of electrons produced is proportional to the number of excited states in the 
XAS process, this provides a simple experimental method to measure the transition 
probability. In the total electron yield (TEY) mode, the resultant drain current of the 
sample is collected. Owing to the electron mean free path, which will be discussed below, 
TEY has a greater surface-sensitivity with a sampling depth of ~ 10 nm. On the other 
hand, the excited electron in the XAS process may reversely fill the core hole, 
accompanied by the emission of a photon, as displayed in Figure 2.7b. If the emitted 
photon from the sample is detected, the absorption transition probability can be 
experimentally measured in a different way, referred to as the total fluorescence yield 
(TFY) mode. As the photon has a deeper penetration depth, TFY probes a sample depth 
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of ~ 100 nm, which is more bulk-sensitive. Another channel for the excited state in the 
XAS process to decay is the partial fluorescence yield (PFY),[37] which involves the 
radiative decay of valence electrons. 
2.2.2 X-ray photoemission spectroscopy  
In the XPS process, both valence and core electrons are ejected by incident x-rays. By 
measuring the kinetic energy of the photoelectrons, XPS measures the occupied density 
of states (DOS) of the valence band (VB)  and the binding energies of core levels. A 
schematic diagram of this process in shown in Figure 2.8a. For the electron before and 
after the emission, the energy and the component of the crystal momentum parallel to the 
surface are conserved. Energy conservation is expressed as the Einstein equation:  
    EB = hν - KE - Ф     (2.3) 
where EB is the binding energy of the electron in the sample, hν is the photon energy of 
incident x-rays, KE is the kinetic energy of the emitted electron detected by the 
spectrometer, and Ф is the work function of the material. Momentum conservation 
parallel to the surface gives  
    
 sin)(2
2| | 
KEm
k 
      (2.4) 
where k|| is the component of the crystal momentum parallel to the surface, m is the 
electron mass, and θ is the experimental angle of the sample surface normal relative to 
the photoemission spectrometer. 
The core hole left in the final state of the XPS process can often be filled by an electron 
from a shallower level, which gives rise to the emission of another shallowly bounded 
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electron. This process is referred to as Auger electron spectroscopy (AES),[41] which is 
shown in Figure 2.8b.  
As a photon-in and electron-out technique, XPS is a surface-sensitive probe. To some 
extent, the sampling depth of photoemission can be increased by varying the incident 
photon energy, especially with tunable synchrotron radiation, although cross-section and 
resolution may be different. The probing depth of photoemission is governed by the mean 
free path of electrons in the sample, since only those photoelectrons, which escape 
through the sample surface without losing energy via interactions with the material, 
contribute to the signal. This mean free path depends on the electron energy, and is not so 
much relevant to the material itself, as often described by the universal curve. 
Nevertheless, the surface sensitivity is more precisely defined as the component of the 
inelastic mean free path (IMFP) with respect to the surface normal. The IMFP itself is 
Figure 2.8. A schematic diagram of (a) the XPS process and (b) the accompanying Auger 
process. 
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defined as the average distance traveled by an electron between inelastic collisions.[42] 
As an example, Figure 2.9 shows the IMFP curves of several different elements and 
compounds for electron kinetic energies up to 2000 eV and the region below 250 eV.[2] 
The IMFP curves present resembled trends are for all materials, beginning with large 
values for kinetic energies below 10-15 eV, dropping to a minimum value of 5-10 Å in 
the range between 30 and 100 eV, and then arising monotonically above 100 eV. For soft 
XPS excited at a few hundreds of electron volts, the IMFP is about a few angstroms. 
Hard x-ray photoelectron spectroscopy (HAXPES), typically with the incident photon 
energy of a few thousands of electron volts, has a probing depth of a few tens of 
angstroms. Therefore, HAXPES has greater bulk sensitivity than soft XPS. 
 
 
Figure 2.9 IMFP curves of Ag, Al, Na, PMMA, Si, and SiO2 for (a) electron kinetic energies up to 
2000 eV (left) and (b) the region below 250 eV for Al, Ag, GaAs, Na, PMMA, and Si (right). 
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2.2.3 Soft x-ray emission spectroscopy and resonant soft x-ray emission 
spectroscopy  
The normal XES process involves the excitation of a core electron to the high-energy 
continuum (photoelectron state) well-above the absorption threshold by incident x-rays, 
followed by the subsequent decay of a valence electron to fill the core hole and the 
emission of a photon. In the energy band model with one-electron approximation, the 
cross-section of normal emission[26] is reduced from the Kramers-Heisenberg equation 
to 
    
  
  
     
           
 
           
    
      (2.5) 
where ρ is the density of states of the photoelectron, t is the dipole transition amplitude 
from a core state to the photoelectron state, hν' is the emitted photon energy, |c> and c 
are the eigenfunction and eigenenergy of the core state c, |i> and i are the eigenfunction 
and eigenenergy of the occupied valence states i, and Γi is the corresponding width. 
Therefore, the normal emission spectrum gives the PDOS of the occupied valence states 
i, which is symmetry-selected by the dipole transition |<c|t|i>|
2
 and broadened by the 
lifetime broadening Γi of the valence state.[26]  
When the incident photon energy is great enough to ionize the core electron, the excited 
electron does not participate in the emission of the valence electron and the occupied 
PDOS of the VB is measured with site-, element-, and orbital-specificity. A schematic 
diagram of this process in presented in Figure 2.10a. For example, at the O K-edge, non-
resonant XES reflects the occupied O 2p PDOS of the VB, owing to the transitions from 
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occupied O 2p orbitals to the O 1s core level. As a photon-in and photon-out technique, 
XES is a bulk-sensitive probe with a sampling depth of ~ 100 nm. 
 
 
Figure 2.10. A schematic diagram of (a) the normal XES process and (b) the RXES process. 
 
If the incident photon energy is not high enough for ionization and the core electron is 
resonantly excited into an unoccupied state of the CB, the decay of VB electrons coupled 
with that particular state (governed by the dipole-selection rule) is thereby greatly 
enhanced. In the above equation, the dipole transition amplitude t is no longer constant, 
the excited electron couples with other electrons, and the emission cross-section strongly 
depends on the incident photon energy hν. This is denoted as resonant x-ray emission 
spectroscopy (RXES). Figure 2.10b displays a schematic diagram of this process. In the 
category of RXES defined here, the resonant form of occupied PDOS is observed, when 
the incident photon energy is tuned to a feature of the absorption spectrum. For example, 
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at the O K-edge, the resonant emission of the relevant occupied O 2p states is measured 
in the RXES.  
In addition, RXES provides band structure information of materials, particularly for 
insulating samples when surface charging is an issue for photoemission. By means of the 
coupling between the sample orientation and the polarization of synchrotron light in the 
experimental geometry, RXES enables the extrapolation of the band gaps and the 
mapping of the band dispersions.[25, 43]  
2.2.4 Resonant inelastic soft x-ray scattering  
When the incident photon energy is tuned in the vicinity of the absorption threshold, for 
example at the transition-metal L-edge, the excited electron in the intermediate state 
strongly affects the emission of a valence electron in the final state and an excitonic state, 
i.e. a coupled electron-hole pair, is left around the Fermi level. This is referred to as RIXS 
and a schematic diagram of this process is shown in Figure 2.11a. In RIXS, the resonant 
term of the Kramers-Heisenberg equation dominates the differential scattering cross-
section. The essential part of the RIXS cross-section[26, 44, 45] is described as 
  
  
  
    
             
            
  
 
                  (2.6) 
where hν and hν' are the incident and emitted photon energies, respectively, and T 
represents the dipole transition operator. |i> is the initial state, |f> is the final state, and Ei 
and Ef are the initial and final state energies, respectively. |m> is the intermediate excited 
state, and Em and Γm are the intermediate state energy and width. As shown in the 
expression of the cross-section, RIXS is the coherent second-order process consisting of 
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the absorption from |i> to |m> and the emission from |m> to |f>. In addition to the dipole 
selection rule, the RIXS process is also governed by the momentum selection rule. Owing 
to the total momentum conservation between the initial and final states, only the electron-
hole pair with the same crystal momentum is excited in RIXS.[24, 26, 44]  
Generally, for f- and d- electron system, RIXS provides important information about the 
electronic states, such as intra-atomic multiplet coupling, electron correlation, and inter-
atomic hybridization. In the case of RIXS here, the low-energy excitations, such as local 
crystal-field excitations, charge-transfer (CT) excitations, and collective excitations (for 
example magnon and orbiton) are the focuses of the measurements.[26, 46, 47] For 
instance, in a TMO system with 3d
n
 configuration, the RIXS excitation process is 
2p
6
3d
n→2p53dn+1→2p63dn* (the * in the final state represents an excited configuration of 
the d
n
 ion) and dipole-forbidden dd
*
 transitions are observed. Figure 2.11b presents the V 
Figure 2.11. A schematic diagram of (a) the RIXS process and (b) an example of the V 
L3-edge RIXS of a V
4+
 system. 
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L3-edge RIXS process of a V
4+
 system as an example. A core electron from V 2p3/2 level 
is excited into an empty V 3d state by incident x-ray and another occupied V 3d electron 
decays and fills the core hole. In the final state, a d-d
*
 excitation is left within the V 3d 
orbitals. In addition to the loss features, fluorescence (PDOS) features and elastic 
scattering are also detected in a RIXS spectrum. In order to identify these RIXS features, 
a careful inspection of their dependence with the incident photon energy is required. On a 
loss energy scale, obtained from subtracting the emission photon energy by the incident 
photon energy, the loss features (with constant loss energy) can be separated from the 
PDOS features (with constant emission energy).[48, 49]  
 
2.3 Experimental set-up 
2.3.1 Soft x-ray absorption measurements 
As mentioned above, the XAS spectrum can be measured in two experimental methods. 
In the TEY mode, the drain current from the sample to the ground is collected by a 
Keithley current amplifier. In TFY, the emitted photon is detected by a channeltron, i.e. 
(single) channel electron multiplier (CEM). The theory of channeltron is the secondary 
emission process, through which an incident photon or electron triggers an avalanche of 
secondary electrons. 
During the XAS measurements, the intensity of the beam flux is recorded by the current 
from the mesh to the ground. When the photon energy is swept through a wide energy 
range, the beam flux output of the monochromator varies. As an example, the O K-edge 
XAS spectrum of WO3 is displayed in Figure 2.12. The variation of the beam flux is 
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partly due to the radiation output of the undulator, e.g. the arising background at high 
photon energy in the mesh current. In addition, the mirrors and gratings may be 
contaminated with small surface layers of carbon and oxygen over time. These 
contaminants can absorb some x-rays at certain energies and cause a decrease in the beam 
intensity, e.g. the dip around ~ 531 eV in the mesh current. In order to account for the 
affect of beam flux, the actual absorption spectrum is obtained by dividing the mesh 
current from the absorption signals. 
2.3.2 Soft x-ray emission spectrometer 
The theory of the soft x-ray emission spectrometers[50, 51] used in this thesis is based on 
the design of the Rowland circle gratings[52] for optics. The arrangement of the Rowland 
circle of the spectrometer grating is shown in Figure 2.13b. The arrangement of the 
entrance slit (S), spherical gratings of radius R, and the detector are also demonstrated. 
Figure 2.12. The O K-edge XAS spectrum of WO3. The electron yield of the sample 
(black line) and the mesh current (grey line) recorded coincidently are displayed on an 
uncalibrated photon energy scale. 
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The Nordgren-type emission spectrometer[51, 53] is illustrated here as an example. A 
diagram of the optical outline of the XES instrument is presented in Figure 2.13a. The 
experimental geometry of a sample is aligned with the optical axis of the spectrometer 
and a fraction of the emitted x-rays pass through the entrance slit. The spectrometer 
gratings are chosen by moving the grating selector into a position where one of the three 
gratings is visible from the slit. The x-ray detector is positioned tangentially on the 
Rowland circle at the diffraction angle corresponding to the energy of interest, as 
demonstrated in Figure 2.13a. The spectrometer optical components are arranged in a 
grazing incidence geometry to achieve usable grating efficiency. Additionally, the three 
different Rowland circles of the spectrometer gratings are merged into each other to share 
Figure 2.13. (a) A schematic diagram of the optical components of the XES300 soft x-ray emission 
spectrometer and (b) the arrangement of the Rowland circle of the spectrometer grating. 
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the entrance slit and the detector. The specifications of the three gratings, which all 
together cover the energy range of 50-1500 eV, are given in the inset table of Figure 2.13. 
The spectrometer detector consists of a set of micro-channel plate (MCP) area electron 
multipliers. The output from the resistive anode encoder, positioned behind the rear 
surface of the MCP stack, is partitioned into 1024 channels in the energy axis, and 32 
“slices” across the detector in the non-dispersive axis. 
 
 
Figure 2.14. The emission data of Zinc reference recorded by the XES300 spectrometer at X1B. (a) The 
detector image of the raw data and (b) the image of the treated data with the corrected curvature. The 
horizontal axis refers to the energy dispersive channels and the vertical axis represents the slices of the 
MCP image. 
 
In order to demonstrate the two-dimensional (2D) detector images before and after the 
curvature correction, the Zinc emission data are presented in Figure 2.14. The 
corresponding one-dimensional (1D) spectrum resulted from vertically integrating the 
corrected data is displayed in Figure 2.15a. The horizontal scale of the 2D detector image 
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represents the energy dispersive axis and the vertical scale refers to the non-dispersive 
axis. Correction for the curvature was achieved by fitting the peak position of the two 
well-characterized sharp emission features across the non-dispersive axis of the detector. 
The spectrometer resolution broadening, primarily due to the finite source size, has 
approximated Gaussian-function shape with respect to the wavelength of the emitted 
photons and can be removed from the experimental data by the maximum entropy 
deconvolution technique.[54]  
 
 
Figure 2.15. (a) The Zinc emission spectrum resulted from a vertical summation of the corrected data in 
Figure 2.14b. (b) The Zinc spectral width as a function of the detector movement along the chordal length.  
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The spectrometer settings may be changed under certain circumstances, e.g. after 
replacement of broken components. In this case, the slit width, the flag positions, and the 
MCP positions need to be recalibrated.  As an example, Figure 2. 15b displays the 
optimization of the focus of the MCP image by moving the detector along the chord 
length. This systematic study on the Zinc spectral width as a function of the chordal 
movement suggests that the position closely around the Rowland circle provides the best 
focused image and the most sharpened lineshape. 
2.3.3 Polarization-dependent measurements 
 
 
Figure 2.16. Representative experimental geometries in the orbital-resolved XAS and XES measurements. 
The synchrotron light with the electric field vector Ein horizontally polarized is incident at an angle θ with 
respect to the ca surface plane of a single-crystal sample. The emitted photons with the polarization vector 
Eout are detected by an emission spectrometer positioned perpendicular to the incident photon beam. The 
entrance slit of the emission spectrometer is aligned along the horizontal (h) direction.  
 
The variable spacing undulator generates x-ray light polarized linearly in the horizontal 
plane. In combination with a sample holder, which can be rotated around both the 
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incident beam and the vertical direction, the experimental setup allows for orbital- 
resolved measurements at the O K-edge under the dipole approximation.[43, 55, 56] 
Figure 2.16 shows representative experimental geometries in the polarization-dependent 
XAS and XES measurements. The horizontally polarized x-rays (Ein) are incident on the 
surface of a single-crystal sample with the (010) orientation and the emitted photons with 
polarization vector Eout are detected by an emission spectrometer at an experimental 
geometry oriented perpendicular to the incident light.  
According to the k-selection rule, the O K-edge XAS spectrum measured at near grazing 
(NG) incidence (θ ~ 15°) largely reflects the O 2p PDOS projected along the crystal b 
axis, whereas at near normal (NN) incidence (θ ~ 75°) the spectra are dominated by the O 
2p components along the a and c directions. On the other hand, the XES spectrum 
recorded at NG incidence primarily has a combination of c and a characters, since the 
polarization dependence of XES is complicated by the experimental geometry. For 
intermediate incident angles (intermediate geometry), the recorded XAS and XES spectra 
probe a mixture of all three O 2p components (along x, y and z crystal axes). 
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Chapter 3 Theoretical methods and sample growth 
 
3.1  A brief overview of theoretical methods of electronic structure calculation 
3.1.1 Density functional theory 
Density-functional theory (DFT) is one of the most popular and successful quantum 
mechanical approaches to matter. DFT is an approximate but reasonably accurate method 
for calculating the band structure of solids. In DFT, the many electron system is treated 
as a single particle problem and the many-body effects are included in the exchange-
correlation functional.[57] Therefore, the many-body Schrödinger’s equation is 
simplified as the Kohn-Sham (KS) equation:[57, 58]  
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    (3.1) 
where the Hamiltonian contains the external potential from nuclei (νext), the electron-
electron Coulomb interaction (νH), and the exchange-correlation potential (νxc).[58] The 
exchange-correlation (xc) energy, Exc[n], is often decomposed as Exc = Ex + Ec, where Ex 
is owing to the Pauli principle (exchange energy) and Ec is due to correlations.[57] In 
DFT, there are many types of practical functions that approximate the unknown xc 
functional Exc[n], such as local functional (local density approximation (LDA), see 
Chapter 6), semi-local or gradient dependent functional (generalized gradient 
approximation (GGA), see Chapter 4), and non-local functional (hybrids, see Chapter 5).  
For example, in LDA, the exchange-correlation potential is approximated by an uniform 
electron gas. For weakly correlated electron systems with electron wavefunctions 
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extended uniformly in space, such as good metals, LDA is an excellent approximation. 
However, in strongly correlated materials, such as Mott insulators, where electrons 
become nearly localized and the electron density has large spatial variations, the 
approximation of LDA becomes poor. To solve the failure of treating electron 
correlations, particularly reproducing band gaps in correlated insulators, the LDA+U 
method has been developed. U is introduced to raise the energy of electrons only for the 
unoccupied part to account for the onsite Coulomb interaction.  
However, when applied to strongly correlated materials, such as "bad metals", the DFT 
method is not accurate enough. Instead, dynamical mean-field theory (DMFT) has led to 
progresses in the understanding of strong correlation physics. In DMFT, a many-body 
lattice problem is reduced to a single-particle problem under the influence of the static 
mean field.[59] Within the Hubbard model, the important parameters are the ratio 
between the Coulomb interaction U and the bandwidth W (W is determined by the 
hopping, tij), the temperature T, and the doping or number of electrons.[59] On the other 
hand, within the Anderson impurity model, the effective Coulomb interaction between 
electrons at the “impurity” (a chosen site in a periodic lattice) is taken into account 
explicitly, whereas the self-energy arising from the “bath” (the surrounding sites) is 
considered as a dynamic mean field.[60] For strongly correlated electron systems, 
generally associated with partially filled d- or f- shells, DMFT allows for a quantitative 
description. 
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3.1.2 Crystal field multiplet model 
Crystal field theory successfully explains the electronic structure of transition metal 
oxides (TMOs), particularly the d or f orbital splitting. When a transition metal (TM) ion 
is put into a crystal, the symmetry is reduced and the orbitally degenerate levels are split. 
The surrounding oxygen anions are called ligands and the resultant static electric field is 
called a crystal field or ligand field. The electron density of the TM d eg orbitals is 
directed towards the ligands, whereas the lobes of d t2g orbitals are directed along 
diagonals in between ligands. As a result, the eg orbitals experience a stronger Coulomb 
repulsion with ligands, which raises their energies compared to those of the t2g levels. In 
an octahedral crystal field, the 3d orbitals are split into triply degenerate t2g levels and 
two-fold eg levels, separated by 10Dq. In a tetragonal crystal field, the 3d t2g orbital is 
further split into dxy, dyz, and dzx and the eg orbital into dx
2
-y
2
 and dz
2
. 
At the transition metal (TM) L-edge, the XAS final state and the RIXS intermediate states 
are strongly influenced by multiplet effects. This is because the core hole interacts 
significantly with the excited state and the overlap of the core wave function with the 
valence wave functions is strong.[39, 61] For example, in a TM 3d
N
 system, the L-edge 
XAS process is dominated by the interactions between the 2p core hole and the 3d 
valence wave functions.[39, 40] Therefore, the density of states (DOS) is not measured in 
the TM L-edge XAS and the comparison between the XAS spectra and the calculated 
partial density of states (PDOS) is poor.  
However, the transitions in the TM L-edge XAS and RIXS are well explained by the 
crystal field multiplet (CFM) model. By means of group theory and atomic multiplet 
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theory, crystal field theory translates, or branches, those results obtained in atomic 
symmetry to cubic symmetry and further to any other lower point groups. The orbital 
splitting due to the crystal field and multiplets is often described by the Tanabe-Sugano 
(TS) diagram.  
In a free ion picture, when the crystal field energy splitting 10Dq equals 0 eV, the 
spherical symmetry (SO3) states of an isolated ion are described with atomic multiplets. 
For a 3d
N
 configuration, the atomic multiplet states are split due to electron-electron 
interaction and spin-orbit coupling. In an octahedral field, these symmetry states are 
branched, owing to the symmetry change from spherical symmetry to octahedral 
symmetry (Oh), and split with the increase of 10Dq. In a tetragonal field, those symmetry 
states are further branched, due to the symmetry change from octahedral symmetry to 
tetragonal symmetry (D4h), and split upon the increase of Ds and Dt parameters. 
The Slater–Condon parameters include the orbit interaction and the Stoner exchange 
splitting J. In a single particle picture, when the Slater integrals are reduced to zero, the 
orbit interaction is turned off and the energies of non-interacting 3d levels are observed. 
For example, in a 3d
2
 system, the possible electron configurations are t2g
2
, t2geg, and eg
2
 
states. With the increasing reduction of the Slater integrals, the TS diagram changes from 
single particle picture to the multiplet picture. A reduction of the Hartree–Fock values by 
80% is found to represent the atomic values by experiments. 
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3.2 Sample growth and characterization of this thesis study 
3.2.1  Sol-gel synthesis and characterization of polycrystalline V2O5 and β-
Na0.33V2O5 films 
Single-crystal β-NaxV2O5 is usually grown by a self-flux method and the polycrystalline 
powders are synthesized by solid state reaction.[30, 62, 63] Polycrystalline β-NaxV2O5 
can be obtained in the various forms of thin films, nanobelt networks, and nanowires by 
means of the growth techniques, such as sol-gel and hydrothermal processes, or 
metalorganic chemical vapor deposition, respectively.[28, 64-66] Generally, the sol-gel 
process has the advantages of simplicity of equipment, easy scaling for large substrates, 
and producing high purity films.[67] In addition, the sol-gel process offers a versatile 
route for the deposition of vanadium bronze cathodes with improved electrochemical 
properties.[68] Compared to the bronzes obtained from solid state method, the 
preferential orientation of sol-gel derived β-NaxV2O5 layers is found to enhance the 
diffusion of Li
+
 ions into the host lattice.[31-33] Polycrystalline films of V2O5 and β-
Na0.33V2O5 were fabricated by the sol-gel process, followed by spin-coating in this thesis 
study.  
In the sol-gel process, appropriate thermal treatment is the key to the quality of sample 
crystallinity. Often, the β-NaxV2O5 xerogel is crystallized at 550 °C with air flow in a 
conventional furnace.[66, 67] An alternative method is to employ a rapid thermal anneal, 
which has become increasingly important in heat treatment due to the practical 
advantages of the reduction of process time at high temperatures and the simplicity of 
process control for large-area coating, especially on silicon wafers.[69] In this thesis 
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study, the sol-gel V2O5 and β-Na0.33V2O5 films were annealed using a novel Rapid 
Thermal Processor (RTP) to explore the capability of rapid thermal anneal to achieve 
high-quality crystalline and stoichiometric vanadium oxide films.   
Pure and sodium-doped V2O5 gels were synthesized through hydrolysis and condensation 
of vanadium alkoxides.[68, 70, 71] The precursor chemicals were commercially 
purchased vanadium (V) oxytriisopropoxide (formula OV(OCH(CH3)2)3, purity 99.71%, 
Sigma-Aldrich), 2-propanol ((CH3)2CHOH, 99.7+%, Alfa Aesar), acetyl acetone 
(CH3C(O)CH2C(O)CH3, 99%, Alfa Aesar), and sodium acetate (NaOOCCH3, 99.997%, 
Alfa Aesar). Acetyl acetone was also employed as a complexing reagent to stabilize the 
reaction of the VO(OPr
i
)3 and Pr
i
OH solution, which tends to be rapidly hydrolyzed.[71, 
72] Vanadium oxytriisopropoxide was initially added drop by drop into a mixed solution 
of isopropanol and acetyl acetone in a sealed flask with magnetic stirring. The molar ratio 
of OV(OCH(CH3)2)3:(CH3)2CHOH:CH3C(O)CH2C(O)CH3 was approximated to be 
1:20:1.  A red V2O5 gel with ~ 0.5 M concentration was then obtained and the sodium 
doping was achieved by immediately mixing sodium acetate with the V2O5 gel at the 
molecular ratio of x = 0.33. Finally, the chemical reaction of the gel solution was 
completed by continuing vigorous stirring for two more hours. 
Thin films were deposited by spin-coating and rapid thermal annealing. Thin film 
fabrication was achieved by spin-coating of the gel solution (3000 rpm, 15 s) on 
ultrasonically cleaned substrates with acetone, isopropanol, and deionized water in 
sequence.[73] A variety of substrates, such as silicon, sapphire, fused silica, and ITO 
glass, were employed to explore different film structures. The coated films were dried in 
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an air flow oven at 90 °C for 30 minutes and then annealed in a RTP-600S (Modular 
Process Technology Corp.) with pure O2 gas flow at 500 °C for pure V2O5 and at 550 °C 
for Na-doped V2O5, respectively, for 30 minutes. Thicker films were obtained by 
repeating multiple cycles of spin-coating and heat treatment. The as-grown V2O5 film 
was green and transparent in agreement with previous studies.[73, 74] In contrast, the β-
Na0.33V2O5 film had a black color with a slightly metallic sheen similar to previous 
reports.[66]  
The microstructure and crystallinity of the sol-gel derived V2O5 and NaxV2O5 films were 
characterized by x-ray diffraction (XRD), optical microscopy, and scanning electron 
microscopy (SEM). The extent of sodium doping was confirmed by energy dispersive x-
ray spectroscopy (EDS). The electric resistivity was investigated by a two-probe method 
and the film thickness was measured by ellipsometry.   
Figure 3.1a shows XRD patterns of V2O5 (5 coatings) and β-Na0.33V2O5 (9 layers) films 
deposited on Si (100) substrates. The sharp and well-defined signal peaks with respect to 
low noise background demonstrate high polycrystallinity of both sol-gel derived films. 
The XRD patterns of the polycrystalline sol-gel films agree very well with those 
reference patterns of standard powder polycrystalline V2O5 (JCPDS No. 09-0387) and β-
Na0.33V2O5 (JCPDS No. 24-1155). The V2O5 film displays the typical XRD pattern of 
V2O5 with a preferential (001) orientation. The β-Na0.33V2O5 film has the typical pattern 
of β-Na0.33V2O5, which appears distinctively different from the other phases of sodium 
vanadium bronzes and provides convincing evidence for the β-phase structure of the sol-
gel derived samples. Only β-Na0.33V2O5 (h0l) reflections are observed to exist in the XRD  
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Figure 3.1. (a) XRD patterns and (b) EDS spectra of V2O5 (grey lines) and β-Na0.33V2O5 (black lines) 
polycrystalline films deposited on Si (100) substrates are displayed on a linear vertical axis. The XRD peak 
reflections in (a) are assigned according to the reference patterns of standard powder polycrystalline V2O5 
and β-Na0.33V2O5. The Si Kα EDS peaks are not shown in (b). 
pattern of the β-Na0.33V2O5 sample, which indicates that this sol-gel film has the growth 
preference with the crystal b axis oriented in the film plane parallel to the substrate. This 
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preferential orientation is found to persist in the sol-gel derived films with different 
substrates and film thickness. 
Figure 3.1b presents EDS spectra of V2O5 (3 coatings) and β-NaxV2O5 (9 layers) films 
deposited on silicon substrates. EDS provides spatially localized chemical analysis by 
means of detecting x-ray emission lines of certain elements. During the EDS process, the 
subsequent radiative decay of electrons from outer subshells fills the vacant holes on an 
inner shell, created by high-energy electron bombardment. The EDS spectra were 
recorded with an incident electron energy of 10 keV and a detector resolution of ~ 0.13 
keV. The observation of the Na Kα peak confirms the existence of sodium in the β-
NaxV2O5 sample, compared to pure V2O5. The sodium doping content x is determined to 
be 0.34±0.03 from the EDS spectrum with background removed. 
Figures 3.2 (a) and (b) display optical microscope images of V2O5 and β-Na0.33V2O5 films 
(3 coatings) deposited on silicon substrates, respectively. Distinctively different film 
structure of these two compounds are clearly observed. The β-Na0.33V2O5 sample is a 
nested layer composed of needle-like pieces, whereas V2O5 is a solid film with a rough 
surface. 
Figure 3.2 (c-f) show SEM images of the β-Na0.33V2O5 film taken at the magnification of 
1 kX and 20 kX, as well as the V2O5 images at 2 kX and 20 kX. As presented at 1 kX 
magnification, the β-Na0.33V2O5 layer is comprised of regular rods with an average 
diameter of a few hundred nanometers and an average length of a few microns. The 
average ratio of diameter to length was determined to be ~ 1:7. This microstructure is 
similar to the reported nanobelt[64] and nanowire[28] forms of polycrystalline β-
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NaxV2O5, suggesting that polycrystalline β-NaxV2O5 preferentially grows in a one-
dimensional-like structure. As a comparison, at 2 kX magnification, the rough surface of 
the V2O5 film is more clearly demonstrated in the SEM than the optical microscope. At 
20 kX magnification, a single rod of β-Na0.33V2O5 clearly displays well-established 
single-crystalline shape, with respect to the amorphous surface of the substrate. This 
agrees with the single-crystallinity of nanobelts and nanowires suggested by transmission 
electron microscopy and selected area electron diffraction.[28, 64] In contrast, as 
displayed at 20 kX magnification, the V2O5 film is composed of irregular crystallites 
varying in size from a few ten to a few hundred nanometers. The microstructure of the 
sol-gel V2O5 film deposited on silicon agrees with the fine granular structure of the V2O5 
film pyrolyzed on fused silica,[67] but shows more detailed structure.   
 
 
Figure 3.2. Optical microscope images of (a) V2O5 and (b) β-Na0.33V2O5 films (3 coatings) fabricated on 
silicon substrates. SEM images of the β-Na0.33V2O5 film at the magnification of (d) 1 kX and (f) 20 kX are 
compared with the V2O5 images at (c) 2 kX and (e) 20 kX. The length scales in the measurements are 
marked on the corresponding images. 
  
43 
The film thickness of the V2O5 single-coating on silicon is characterized to be ~ 80 nm. 
The electric conductivity of the β-Na0.33V2O5 layers deposited on insulating fused silica 
substrate is found to be semi-conducting at room temperature and insulating at low 
temperature, with an approximately exponential dependence as a function of 
temperature.[30] A resistivity transition is not observed in the sol-gel sample, most likely 
owing to the polycrystalline form and the possible slight deviation of x from 0.33.[30] It 
has been reported that β-Na0.33V2O5 shows metallic conductivity only in defect-free 
single crystals and that phase transitions do not occur in polycrystalline samples.[30] The 
deviation of x from 0.33 leads to the drastically decreased temperatures and magnitudes 
of the metal-insulator transition (MIT) and the magnetic transition.[30] Additionally, both 
the high temperature metallicity and the magnetic ordering disappear.[30]  
3.2.2  Crystal growth and characterization of perovskite AVO3 single-crystals 
Single crystals of  La1-xLuxVO3 (x = 0, 0.2, 0.6, and 1) and MnV2O4 studied in this thesis 
were previously grown by means of the floating zone technique using a high-temperature 
xenon arc furnace at the University of Warwick.[75] These crystals have been 
extensively studied by Laue back-reflection diffraction, magnetization, heat-capacity, and 
neutron-diffraction measurements.[75, 76] During my visits to the Department of Physics 
at the University of Warwick, I was involved in the growth and characterization of Ca1-
xSrxVO3 (x = 0 and 0.5)[77] and Pr1-xCaxVO3 (x = 0.25 and 0.5) single crystals. 
Additionally, I was involved in the magnetization and heat-capacity measurements of R-
site mixed La1-xLuxVO3 compounds. 
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Figure 3.3. Temperature-dependence of the susceptibility and the specific heat of La0.8Lu0.2VO3 ((a) and 
(c), respectively) and La0.4Lu0.6VO3 ((b) and (d), respectively). The susceptibility data were measured in the 
sequences of ZFCW (black filled stars), FCC (grey filled diamonds), and FCW (black empty squares). The 
phonon contribution (grey solid lines) to the specific heat was fitted by a Debye-Einstein function from the 
raw data (black filled circles). The subtracted data (black solid lines) represent the magnetic contribution to 
the specific heat. The spin- and orbital-ordering temperatures are indicated by vertical lines. 
 
The magnetization and heat-capacity measurements of La0.8Lu0.2VO3 and La0.4Lu0.6VO3 
crystals were performed using a Quantum Design superconducting quantum interference 
device (SQUID) magnetometer and a Quantum Design physical property measurement 
system (PPMS), correspondingly. Figure 3.3 presents the temperature-dependence of the 
susceptibility and the specific heat of La0.8Lu0.2VO3 and La0.4Lu0.6VO3. During the 
magnetization measurements, the sequences of zero field cooled warming (ZFCW), field 
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cooled cooling (FCC), and field cooled warming (FCW) were proceeded with an applied 
magnetic field of 1 kOe. In particular, for the zero field cooled (ZFC) measurement, the 
samples were initially cooled down to 5 K in zero magnetic field and the susceptibility 
data were then recorded upon warming up. Whereas, for the field cooled (FC) 
measurements, a magnetic field of 1 kOe was applied to the initial cooling with the data 
collected either on cooling or on warming. The magnetic contribution to the specific heat 
was obtained by subtracting the phonon contribution to the specific heat, fitted by a 
Debye-Einstein function, from the raw data.  
Only one phase-transition temperature is observed in La0.4Lu0.6VO3 (SV = 8.03710
-3
 
Å
2
), which resembles Y1-xLaxVO3 (SV > ~ 310
-3
 Å
2
),[21] Y1-x(La0.2337Lu0.7663)xVO3 (SV 
> ~ 310-3 Å2),[21] and Eu1-x(La0.254Y0.746)VO3 (SV > ~ 510
-3
 Å
2
),[20] and is therefore 
attributed to the formation of C-type OO and G-type SO. As displayed in figure 3.3b, the 
susceptibility of La0.4Lu0.6VO3 undergoes a sharp magnetic transition at TSO2=TOO2 ~ 110 
K, suggesting the formation of spin ordering. Concomitantly, the specific heat of 
La0.4Lu0.6VO3 exhibits an anomaly in figure 3.3d, which indicates a structural transition 
accompanied by orbital ordering. Whereas, La0.8Lu0.2VO3 (SV = 5.35810
-3
 Å
2
) has a 
few separate transitions, indicating the vicinity of La1-xLuxVO3 phase diagram boundary. 
As shown in figure 3.3a, the susceptibility of La0.8Lu0.2VO3 displays two weak, but 
notable, magnetic transitions at TSO1 ~ 129 K and TSO2 ~ 100 K, respectively. The former 
magnetic transition corresponds to a shoulder feature of the specific heat in figure 3.3c, 
followed by a peak at TOO1 ~ 124 K due to a structural transition. The existence of these 
two transition temperatures (TSO1 and TOO1) originates from the residue of C-type SO and 
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G-type OO in La0.8Lu0.2VO3 and the occurrence of OO just below SO resembles that of 
LaVO3.[75, 76] The latter magnetic transition at TSO2 ~ 100 K is most likely related to the 
development of G-type SO in La0.8Lu0.2VO3. However, around this temperature, no 
corresponding structural transition is obviously visible (or, if any, it is hidden) in the 
broad structure of the specific heat in figure 3.3c. The absence (or the very weak 
appearance) of this structural transition indicates that the C-type OO is not formed yet (or 
under developing) in La0.8Lu0.2VO3. 
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Chapter 4 Band structure of WO3 and non-rigid band behavior in 
Na0.67WO3 studied by soft x-ray spectroscopies and density functional 
theory 
 
4.1  Introduction to tungsten trioxide and sodium-tungsten bronzes 
Tungsten trioxide, WO3, is a 5d
0
 TMO with a variety of interesting optical, electrical, 
structural, and defect properties. Its excellent electrochromic properties make it a suitable 
candidate for electrochromic displays, smart windows, and other related devices.[27] 
Moreover, WO3 has been reported as a photoanode material for photoelectrochemical 
hydrogen production and solar energy conversion.[78, 79] In addition, a series of sodium-
tungsten bronzes, NaxWO3 (0 ≤ x ≤ 1), are formed by incorporating Na in bulk WO3. 
Stochiometric γ-WO3 is an insulator at room temperature, while NaxWO3 displays 
complex electrical properties, such as activated conduction at low Na doping levels, a 
transition to a high metallic conduction for x ≥ 0.25,[13, 27] and superconductivity at 
very low temperature for 0.28 ≤ x ≤ 0.35.[80] Therefore, tungsten trioxide and sodium-
tungsten bronzes have remained of significant interest, from both a technological and 
scientific perspective, for many decades. 
The monoclinic γ-WO3 crystal structure is comprised of a framework of distorted corner-
sharing WO6 octahedra, with the perovskite A-sites vacant in the undoped system.[6-10] 
Monoclinic γ-WO3 has unit cell parameters a = 7.297 Å, b = 7.539 Å, c = 7.688 Å, and β 
= 90.91°, and belongs to the space group P21/n, No. 14.[9] Figure 4.1 shows the 
projection along the b axis of the γ-WO3 crystal structure with the unit-cell atomic 
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positions taken from the refined structure of WO3 by Loopstra et al.[81] NaxWO3 offers a 
rich phase diagram and presents a structural evolution with different doping level x.[13] 
For x  0.42, metallic NaxWO3 has a cubic perovskite-type structure.[12, 13] The sodium 
cations occupy a fraction of the 12-coordinate interstitial A sites within the framework of 
WO6 octahedra.[11-14] The crystal lattice parameter of NaxWO3 was found to increase 
linearly with Na doping concentration by x-ray diffraction,  e.g. by up to ~ 2% for the 
fully intercalated x = 1 compound.[82]   
 
 
Figure 4.1. A unit cell (black line) of the monoclinic crystal structure of γ-WO3 (P21/n) is projected along 
the b axis. Red solid balls represent oxygen anions and black solid balls represent tungsten cations.   
 
The electronic structure of WO3 and NaxWO3 has been extensively studied over many 
years via both calculations and experiments and the validity of the rigid-band model has 
been tested repeatedly. In the early literature of density-functional theory (DFT), non-
self-consistent, semiempirical calculations were carried out,[6, 7, 83] while self-
consistent, first-principles studies have been performed in more recent work.[84-87] For 
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the purpose of computational simplicity, the rigid-band model is often adopted to 
calculate the electronic structure of NaxWO3, by a rigid filling of the conduction band 
(CB) of WO3 with Na electrons. According to the rigid-band model, the band structures 
of both WO3 and NaxWO3 are identical apart from a shift of the Fermi level (EF) towards 
higher binding energy within the CB. As a result of the donation of Na 3s electrons to the 
W 5d π* band at the bottom of the CB, the electron population in the CB is increased with 
increasing Na content and EF moves gradually towards higher energy. However, the 
density of states (DOS) at EF increases as a linear function of the Na composition x, 
instead of displaying the x
1/3
 dependence expected from a rigid parabolic band. In order 
to explain this, Goodenough et al.[4] proposed that the CB of NaxWO3 narrows with 
increased sodium content owing to expansion of the lattice and competition between W 
and Na in their bonding with O. Experimental evidence for band narrowing was found in 
the detailed study of high-resolution electron energy-loss spectroscopy (EELS) by Egdell 
et al.,[88-91] which further confirmed that the effective electron mass increases with Na 
doping level as predicted by the Goodenough model.  
X-ray and ultraviolet photoemission spectroscopies (XPS and UPS) have been utilized to 
investigate the VB structure and the nature of the CB states in NaxWO3.[9, 11-13, 92] 
Angle-resolved photoemission spectroscopy (ARPES) has been carried out to measure 
the band dispersions and Fermi surfaces in metallic NaxWO3 compounds with a range of 
x.[11, 13] However, the insulating behavior of pure WO3 can cause a surface charging 
problem during measurements and the necessary sample cleaning procedure may easily 
damage the surface, which makes it difficult for photoemission to observe the bulk VB 
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structure of WO3.[9, 79] Alternatively, a few studies by means of XAS[93, 94] and 
XES[95] at the O K-edge have been performed to explore the electronic structure of 
tungsten-based oxides, but neither the spectroscopic resolution nor the sample quality 
were sufficiently high to address those issues. Moreover, there have been no previously 
reported RXES studies of the NaxWO3 system before this thesis research. In order to 
investigate the band structure of γ-WO3 and the effect on the electronic structure of cubic 
NaxWO3 due to Na doping, a comparative study of high quality WO3 and Na0.67WO3 
single-crystals has been performed here using a combination of synchrotron-based XAS 
and  RXES at high resolution. 
 
4.2 Experiment and computation 
WO3 single-crystals were grown by crystallization from a PbF2/NaF flux. WO3 crystals 
from the same growth batch have been extensively characterized by LEED, STM, and 
photoemission.[9, 12, 96] Na0.67WO3 single-crystals were grown by the electrolytic 
reduction of a molten mixture of WO3 and Na2WO4. The Na composition x of NaxWO3 
was determined from the lattice parameter measured by powder x-ray diffraction on a 
portion of the crystal, as described previously.[12]   
Single crystals were cleaved in air to expose fresh surfaces with a razor blade, and then 
immediately loaded into the experimental chamber with a ultra-high vacuum (UHV) 
higher than 1  10-9 Torr. The shiny WO3 cleavage surface displays a lustrous dark-green 
coloration due to defect states, whilst Na0.67WO3 exhibits a red-orange color, in 
agreement with the computed color change of NaxWO3 as a function of Na-charge doping 
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x.[97] The surface plane of WO3 cleavage was revealed to have the (010) orientation by 
Laue x-ray diffraction. A characteristic quartet structure is presented in the spots of Laue 
pattern, which is similar to the splitting LEED spots observed for the (001) surfaces of γ-
WO3 in previous studies.[9, 96]  
The x-ray measurements were carried out at Beamline 7.0.1, ALS and X1B, NSLS, BNL. 
The O K-edge XAS spectra were measured in both TEY and total fluorescent yield TFY 
detection modes with an energy resolution of ~ 0.20 eV. The non-resonant XES spectra 
were recorded using a Nordgren-type, Rowland circle spherical grating spectrometer with 
an instrumental energy resolution of ~ 0.28 eV at the O K-edge. The RXES spectra at the 
O K-edge were collected with a spectrometer resolution of ~ 0.35 eV and an incident 
photon energy resolution of ~ 0.36 eV.[51]   
The experimental setup allows for a large degree of orbital specificity at the O K-edge 
under the dipole approximation by means of rotation of the sample holder around both 
the incident beam and the vertical direction.[43, 55, 56] On one hand, the XAS spectrum 
measured at near grazing (NG) incidence (~ 15° grazing angle) has mainly O 2py 
character, whereas, at near normal (NN) incidence (~ 15° off normal), the spectra have 
largely O 2px (geometry I - as loaded) or 2pz (geometry II - rotated by ~ 90° in azimuth) 
character depending on either rotations around the beam direction or positions of the 
beam spot on the sample. On the other hand, the XES spectra recorded at NG incidence 
have a combination of mostly c and a characters, since the polarization dependence of 
XES is complicated by the experimental geometry. The beam position on the sample is 
relevant owing to the 90° rotated domains existing on the crystal surfaces.[9, 96] For 
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intermediate incident angles, i.e. intermediate geometry, the recorded XAS and XES 
spectra probe a mixture of all three O 2p components along x, y and z crystal axes.  
All calculations were performed using the periodic density functional theory code 
VASP,[98, 99]
 
 which employs a plane wave basis set to describe the valence electronic 
states. The Perdew-Burke-Ernzerhof[100] generalized gradient approximation (GGA) 
functional was used to treat the exchange and correlation. Interactions between the cores 
(W:[Xe] and O:[He]) and the valence electrons were described using the projector-
augmented wave[101] (PAW) method. 
Structural optimizations of bulk monoclinic WO3 were performed at a series of volumes 
in order to calculate the equilibrium lattice parameters. In each case the atomic positions, 
lattice vectors and cell angles were allowed to relax, while the total volume was held 
constant. The resulting energy volume curves were fitted to the Murnaghan[102] equation 
of state to obtain the equilibrium bulk cell volume. This approach avoids the problems of 
Pulay stress and changes in basis set which can accompany volume changes in plane 
wave calculations. Convergence with respect to k-point sampling and plane wave energy 
cut-off was checked, with a cut-off of 500 eV and a k-point sampling of 6 × 6 × 6 found 
to be sufficient. Structural optimizations were deemed to be converged when the force on 
every ion was less than 0.01 eV·Å
−1
. 
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4.3 Non-rigid band behavior of Na0.67WO3 revealed by XAS and XES 
 
Figure 4.2. (a) The normalized TFY spectra of WO3 (black open hexagons) and Na0.67WO3 (black open 
stars), and the normalized above-threshold XES spectra of WO3 (grey filled hexagons) and Na0.67WO3 
(black filled stars) recorded in intermediate geometry are displayed on a common photon energy axis. (b) 
The region on the high energy side of the above XES spectra is enlarged to show the Fermi-edge feature.  
The shape of the Fermi-edge feature is fit by a Sigmoid function (thick black line). 
 
Figure 4.2a displays the normalized XAS (TFY mode) and XES spectra at the O K-edge 
of WO3 and Na0.67WO3 on a common calibrated photon energy scale, which was 
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measured in intermediate geometry. The enlarged region about the Fermi-edge feature on 
the high energy side of the above XES spectra is shown in figure 4.2b. At this 
experimental geometry, transitions between O 1s and all three O 2p components are 
sampled. In figure 4.2, no attempt has been made to account for the core-hole energy shift 
of the XAS spectra, which is owing to the interaction of the O 1s core-hole with the 
valence electrons in the final state of the XAS process.[43, 103, 104] The XES spectra 
were collected with excitation energies well above the absorption threshold (hν ~ 560 
eV), i.e. the non-resonant emission. All the spectral features are well resolved and present 
higher resolution than the previously published data.[91, 93-95]  The photon energies of 
these features are determined and compared between samples in table 4.1. 
 
Energy (eV) a b c A C D E F 
WO3 521.8 524.1 526.4 531.0 535.4 537.5 540.9 544.2 
Na0.67WO3
 
521.5 523.4 525.7 530.9 535.3 537.0 539.2 543.2 
Table 4.1. The photon energies (eV) of the XES and XAS spectral features of WO3 and Na0.67WO3. 
 
The origin of the electronic states related to those spectral features is revealed by our 
theoretical results, which is in good agreement with previous DFT studies.[7, 8, 10, 14, 
84, 105] The main absorption peak A arises from O 2p and W 5d anti-bonding states of 
local t2g
*
 (i.e. π*) symmetry. Peaks C and D come from anti-bonding states with eg
*
 (i.e. 
σ*) symmetry. Lastly, features E and F are due to mixing of O 2p states with W 6s and 6p 
states.[94] The main emission peak c originates from essentially non-bonding O 2p states 
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of t1g+t2u symmetry, feature b is attributed to O 2p and W 5d π-bonding states of t2g 
character, and feature a is contributed by σ-bonding states with eg character. 
Significant differences are found between the experimental spectra of WO3 and 
Na0.67WO3. First of all, the main absorption peak (A) of Na0.67WO3 is greatly narrower 
than that of WO3. The absorption features C-F at higher photon energy also appear 
narrowed in Na0.67WO3. This phenomenon of bandwidth narrowing agrees well with the 
EELS data at the O 1s absorption edges of NaxWO3 reported by Kielwein et al.[91] This 
effect was associated with a competition between the W 5d and Na 3s states in the 
acquisition of the O 2p character by Goodenough et al.[4] However, the main emission 
peak c (i.e. non-bonding O 2p states) of Na0.67WO3 is broader than that of WO3 by ~ 1 
eV. Moreover, the energies of the spectral features of Na0.67WO3 move toward lower 
photon energy by 0.1-1.7 eV, where features E and F present the largest shifts, compared 
to those of WO3. The energy separation between peaks A and c of Na0.67WO3 is larger by 
0.6 eV than that of WO3. Besides, the intensities of features E and F are increased in the 
XAS spectrum of Na0.67WO3 with respect to WO3, consistent with the EELS data as well. 
These extra states in the tungsten bronze can be assigned to the hybridization between O 
2p and Na 3s orbitals according to the previous DFT calculations.[85, 106] Finally, the t2g 
and eg bonding states in the XES spectra of Na0.67WO3 present a larger spectral weight 
than those of WO3, when intensities are normalized to the non-bonding peak. This is in 
agreement with the conclusion by Corà et al.[84]
 
that the strength of both the π and σ 
bonding states is decreased in NaWO3 and thus those states towards the lower bound of 
the VB remain of more pure O 2p character, as compared to WO3.   
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The observed changes in the energies, intensities, and widths of the spectral features upon 
Na doping are not expected in the calculations on the basis of the rigid band model. This 
discrepancy indicates a non-rigid band behavior of WO3 upon Na doping. In those rigid-
band calculations of NaxWO3, the chemical bonding and hybridization of the sodium 
cations are often neglected, which simply assume that free Na 3s electrons fill up the 
bottom of the CB of WO3. However, in reality, the Na
+
 cations modify the crystal field 
splitting of WO6 octahedron and change the degree of hybridization of O 2p orbitals with 
W 5d orbitals.[84] In addition, the O 2p states hybridize with the Na 3s states, providing 
those extra states above the unoccupied O 2p-W 5d hybridization in the XAS spectrum, 
which was also predicted by Hjelm et al.[85]  
A small but clearly defined feature is visible on the high energy side of the XES spectrum 
of Na0.67WO3, compared to the smooth tail of WO3, as shown in figure 4.2b. This feature 
terminates in a Fermi-edge characteristic of a metallic sample, although the edge shape is 
somewhat obscured by a long tail in the main VB emission. The energy position of this 
Fermi edge is determined to be 530.2±0.1 eV with an effective kBT of ~ 0.28 eV, which is 
in agreement with the energy resolution of these measurements. 
 
4.4 Core-hole energy shift and band gap of WO3 extrapolated by XAS/XES 
Figure 4.3 presents normalized O K-edge XAS and XES spectra of (a) WO3 and (b) 
Na0.67WO3 on a common calibrated photon energy axis.  These spectra were measured in 
intermediate geometry, which is sensitive to all O 2p components. The XAS spectra were 
detected in both TEY and TFY modes to probe the surface- and bulk-sensitive CB 
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structures, respectively. The XES spectra were collected with excitation energies both 
well-above absorption threshold, i.e. hν ~ 560 eV, and close to the absorption onset, i.e. 
hν = 529.7 eV for WO3 and hν = 529.8 eV for Na0.67WO3.  
 
 
Figure 4.3. The normalized O K-edge XAS and XES spectra of (a) WO3 (b) Na0.67WO3 measured in 
intermediate geometry are plotted on a common photon energy scale. The XAS spectra were recorded in 
both TEY (black half-filled squares) and TFY (empty black hexagons) modes. The XES spectra were 
collected with excitation energies both well-above absorption threshold (grey filled hexagons) and close to 
the absorption onset (black filled triangles). The excitation energy of each absorption-onset XES is marked 
with a black triangle on the corresponding TFY spectrum. The spectral onsets are extrapolated linearly 
from the leading edges toward the backgrounds. 
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Elastic spectral features, which coincide their peak energies with the excitation energies, 
are visible in the RXES spectra when excited close to the absorption onsets. The spectral 
strength of the elastic peak appears strong in insulating WO3, but weaker in metallic 
Na0.67WO3. A similar case was found in the comparison between insulating MoO3 and 
conducting K0.3MoO3.[55, 56]  
The experimental spectral onsets have been reported to be determined by either a linear 
extrapolation of the leading edges[78, 79] or the local maxima in the second 
derivative.[107] Both methods are adopted in my thesis study to determine the onset 
energies. The results of linear least squares fitting are plotted along with the spectral 
leading edges in figure 4.3 and the energies of the extrapolated onsets are given in table 
4.2. The first two rows in table 4.2 provide the extrapolated energy onsets of WO3 and 
Na0.67WO3 measured in intermediate geometry. Additionally, the spectral onsets of WO3 
recorded at NG incidence geometry, which will be discussed later, are given in the third 
row. The errors of XAS and XES onset energies are estimated to be ±0.1 and ±0.2 eV, 
respectively, which mostly come from slightly different photon energy calibration and 
spectrometer resolution between those two data sets. 
From table 4.2, the second-derivative maxima are found to be always closer to either the 
XAS or XES main peak than the linearly extrapolated edges. Since the XAS and XES 
spectra actually measure the weighted PDOS over all the involved bands governed by the 
dipole selection and k-selection rules, the extrapolated extrema correspond to the inner 
bounds of the band structure. Consequently, the linear extrapolation is already possible to 
leave out some states near the edges of the measured spectra and is therefore expected to 
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be a relatively more precise method than the second derivative to determine the spectral 
onsets. 
 
Method Onset (eV) TEY TFY 
XES 
(above threshold) 
RXES 
(absorption onset) 
 WO3 529.4 529.3 527.8 527.1 
Linear fit Na0.67WO3 529.6 529.5 527.8 527.2 
 WO3 (NG) 529.5 529.4 527.8 527.3 
 WO3 529.5 529.5 527.4 526.9 
2
nd
 
derivative 
Na0.67WO3 529.7 529.6 527.4 526.9 
 WO3 (NG) 529.6 529.6 527.4 527.2 
Table 4.2. The determined energies (eV) of XAS and XES spectral onsets of WO3 and Na0.67WO3. 
 
The XES spectrum when excited well-above absorption threshold corresponds to 
incoherent x-ray emission, which represents the local partial density of states 
(LPDOS).[26] The non-negative remaining part from the subtraction of the weighted 
above-threshold XES spectrum from the absorption-onset RXES spectrum is often called 
the coherent contribution to the RXES, which is k selective.[25] The extracted coherent 
part of RXES consequently gives the valence band maximum (VBM) near the Brillouin 
zone (BZ) center. Excellent agreement is found between the VBM obtained from the 
RXES coherent contribution and the RXES onsets extrapolated linearly from the leading 
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edges. Hereafter, the linear extrapolation method is preferentially adopted to determine 
the band gaps in this study. 
Owing to the core-hole effect in the XAS final state, the absorption spectrum tends to 
shift toward lower photon energy, which makes it difficult to determine the absolute band 
gap in XAS/XES measurements. However, the Fermi level determined from either XAS 
or XES should be located at the identical energy for Na0.67WO3 after accounting for the 
core-hole energy shift. This provides the opportunity to experimentally measure the core-
hole shift for tungsten oxides. Therefore, the energy difference between the absorption 
onset (i.e. the EF level within the CB) at 529.5 eV in the TFY spectrum and the Fermi 
edge at 530.2 eV in the XES spectrum offers a core-hole energy shift of ~ -(0.7±0.2) eV 
for metallic Na0.67WO3. As the Na doping in WO3 does not significantly alter the 
electrostatic potential of the O 1s level, it is a good approximation to apply the same 
amount of core-hole shift for WO3 as well. Compared to the estimated core-hole shift of 
~ -1.0 eV for ZnO[43] and In2O3[103] from theory, the experimental result here seems 
entirely reasonable. 
 
4.5 Core-hole effect and partial density of states of WO3 studied by XAS/XES 
and DFT 
The interaction between the core hole and the valence electrons in the XAS final state 
results in a perturbation to the electronic structure of the system, which complicates direct 
comparisons of XAS spectra with ground-state DFT calculations. Although this 
perturbation has been reported to be significant for the K-edge spectra of light elements 
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(for instance, Li) and the TM L-edge spectra [e.g. [108]], the core-hole effect at the O K-
edge of transition-metal oxides (TMOs) is not important. Empirically, this is owing to the 
localization of the O 1s core hole, away from the unoccupied TM d wave functions. 
Detailed calculations of core-hole effects in TMOs suggest that when the unoccupied CB 
states have predominantly TM character, the effect of the core hole on the band structure 
is weak.[109] Evidence supporting this conclusion have been extensively found in good 
comparison between experimental data at the O K-edge and ground-state DFT 
calculations [e.g. [110]; [111]; [43]; [103]; [104]; [112]]. For both pure and Na-doped 
WO3 compounds, W 5d states dominate the CB and the interpretation of the O K-edge 
spectra with ground-state DFT calculations is an excellent approximation. 
Figure 4.4a shows the comparison between the XAS (TFY mode) and non-resonant XES 
spectra at the O K-edge of γ-WO3 and the theoretical O 2p PDOS obtained from DFT 
calculations. Figure 4(b) displays the comparison between the geometry-related XAS 
(TEY mode) spectra at the O K-edge and the projected O 2p PDOS of the CB along the 
three crystal axes for monoclinic γ-WO3. The emission spectral intensity has been divided 
by E
3
, where E is the photon energy, to correct for the contribution of the photon density 
of states to the transition rate.[113] To allow direct comparison between experiments and 
calculations, the energy scales of the measured spectra are shifted by -527.8 eV in order 
to align the extrapolated emission onset with the theoretical VBM at the Γ point, which 
defines the zero energy. However, the core-hole energy shift is not taken into account 
here due to the well-known underestimation of the band gap by the GGA functional, so 
that these two corrections approximately and coincidentally cancel each other. The 
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theoretical O 2p PDOS of the CB has been convoluted with both a Lorentzian function 
Figure 4.4. The normalized XAS and non-resonant XES spectra at the O K-edge and the normalized O 2p 
PDOS calculations are displayed on a common binding energy scale for γ-WO3: (a) Comparison between 
the O K-edge TFY (black open stars) and XES (black filled stars) spectra and the calculated O 2p PDOS 
curves (black lines); (b) Comparison between the O K-edge TEY spectra, recorded at NN I (black half-
filled squares), NG (black open hexagons), and NN II (black open stars) incidence geometries, and the 
corresponding O 2px (grey solid line), 2py (grey dash dot line), and 2pz (black dash line) PDOS of the CB. 
The orbital designations x, y, and z are referred to projections along the crystal axes a, b, and c, 
respectively. 
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with half width at half maximum (HWHM) of 0.22 eV and a Gaussian function with full 
width at half maximum (FWHM) of 0.20 eV in order to account for the O 1s lifetime 
broadening[94] and the absorption instrumental resolution, respectively. Likewise, the 
theoretical VB curve of O 2p PDOS has also been broadened with a Lorentzian (HWHM 
= 0.22 eV) followed by a Gaussian (FWHM = 0.37 eV). 
Good agreement in the energy positions, peak widths, and band separations is obtained 
between the experimental spectra and the theoretical PDOS, as shown in figure 4.4a. A 
possible feature is notable at just above the zero energy on the higher energy shoulder of 
the XES spectrum, which is indicated by an arrow. This feature may originate from the 
states on the top of the VB at the Z point in the BZ, which will be shown later in the 
calculated band structure. Three closely separated features, labeled as A’, A, and A”, are 
observed on the main TFY peak of γ-WO3, which presents higher resolution than the 
reported t2g
*
 peak comprised of a main contribution A and a shoulder B by Purans et 
al.[94] Those three features arise from the splitting of the * antibonding states into O 
2px, 2py, and 2pz components, correspondingly, within the monoclinic structure of γ-WO3, 
which are well resolved in the angular XAS spectra. In contrast, no comparable splitting 
is observed in the XAS spectra of Na0.67WO3, which is expected from the degenerate t2g
*
 
states owing to its cubic structure. 
In figure 4.4b, the angle-dependent XAS spectra are in good agreement with the orbital-
resolved O 2p PDOS calculations. As discussed above, the TEY spectrum recorded at 
NG incidence primarily reflects the O 2p PDOS projection along the crystal b axis, 
whereas the TEY spectrum collected at NN incidence geometry I (as loaded) or II 
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(rotated by 90° in azimuth) probes a combination of the O 2p components along both a 
and c directions, with more 2px or 2pz character, respectively. The energies of those 
orbital-specific t2g
*
 states aligned with the crystal a, b, and c axes are determined to be 
530.6, 531.5, and 531.8 eV in photon energy, and 2.8, 3.7, and 4.0 eV in binding energy, 
respectively. Correspondingly, the calculated π* peak energies of O 2px, 2py, and 2pz 
orbitals are located at 3.7, 4.2, and 4.3 eV, respectively. After including the core-hole 
shift of ~ -(0.7±0.2) eV in the XAS spectra, the experimental data are in good agreement 
with the theoretical results. The energy anisotropy in the unoccupied O 2p orbitals agrees 
with the long-short splitting of W-O bonds along different crystal axes of γ-WO3. Along 
the crystal a axis, O anions are almost equidistant to W cations, while, along the b and c 
directions, W-O bonds are alternately long and short, among which the long-short 
splitting is the largest in the c direction.[7, 8, 10]  
 
4.6 Band structure of WO3 studied by RXES and DFT 
In order to understand the RXES measurements, the band structure of γ-WO3 is 
calculated and presented in figure 4.5. The VBM at the Γ point is aligned with zero 
energy to set the energy scale of the band structure, in consistence with that of the DOS 
in figure 4.4. The calculation presented here is in agreement with those previously 
published band structures of WO3,[7, 8, 14, 83, 84, 105, 114] particularly in terms of the 
dominant contribution from O 2p states in the VB and the largely W antibonding 
character in the CB. In the calculation, the anti-bonding t2g
*
 states of W 5d and O 2p 
hybridization spread from 1.2 eV up to 5.3 eV. The non-bonding O 2p states develop 
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between 0 and -2.0 eV. The broad bands from -2.0 eV down to -6.7 eV are attributed to 
the π-bonding t2g states, σ-bonding eg states, and mixed states in between. The band 
structure of γ-WO3, like α-MoO3,[56] appears more complicated and anisotropic than 
other TMOs, such as ZnO[43] and CdO,[104] owing to the presence of inequivalent 
oxygen sites. To directly compare to the orbital-resolved RXES at the O K-edge, the 
unoccupied O 2py states and occupied 2pzx states are overplotted as vertical sticks to the 
band structure and the lengths of  these bars represent the relative intensities of their 
contributions.   
 
 
Figure 4.5. The calculated band structure (grey curves) of γ-WO3 is plotted with the contributions (black 
sticks) from the unoccupied O 2py states in the CB and the occupied O 2pzx states in the VB. The length of 
the vertical sticks is proportional to the strength of contribution. The high symmetry points in the BZ 
represent Γ(0,0,0), Z(0,1/2,0), B(0,0,1/2), Y(1/2,0,0), C(1/2,1/2,0), D(0,1/2,1/2), A(-1/2,0,1/2), and E(-
1/2,1/2,1/2). 
 
The theoretical direct band gaps of γ-WO3 are determined to be 1.22 eV (Γ-Γ) and 1.26 
eV (Z-Z) in this study. The indirect (Γ-Z) gap is found to be slightly smaller, due to the 
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VB top at the Z point located at slightly higher energy above the VBM at the Γ point. 
These results qualitatively agree with those reported by Chatten et al.[8] using the plane-
wave pseudopotential DFT method, although they found a larger indirect band gap (Z-Γ) 
of 1.73 eV. Those states from the top of the VB at the Z point contribute to the feature 
observed on the high energy shoulder of the above-threshold XES spectrum, as discussed 
above. The presence of an indirect gap slightly lower than the lowest direct gap, as 
suggested by the calculation, is in agreement with the optical experiments[115] and our 
measurements, as will be discussed later.  
Since a combination of the O K-edge XAS and XES measures the entire O 2p PDOS, 
their spectral onsets near EF correspond to the extrema in the band structure, i.e. band 
maxima and/or minima, and provide band separations. The extrapolated absorption onset 
of the TFY approaches the Γ point, which is located at the bottom of the CB structure for 
γ-WO3. The XES excited well-above threshold probes the VB structure all the way 
toward the top bound, which is found at the Z point for γ-WO3. In this case, non-resonant 
XES combined with XAS offers the indirect band separation (Z-Γ). In the RXES case, the 
incidence and emission of photons are coherently coupled with each other and governed 
by both energy and momentum conservations, which leads to direct and vertical 
transitions in the band structure.[116] Consequently, the analyzed onset of the coherent 
part of the RXES spectrum probes the direct band gap. On the other hand, the non-
resonant XES involves the uncoupled incident and emitted photons, in which case the 
scattering process is incoherent, i.e. momentum is not conserved. Accordingly, non-
resonant XES samples the minimum band gap, which is an indirect gap for WO3. For the 
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measurements in intermediate geometry sensitive to all transitions, the absorption-onset 
RXES involves excitations into those unoccupied states at the bottom of the CB close to 
either the Γ or Z point. In that case, the combination of XAS and RXES provides the 
direct band separation with a mixture of both Γ-Γ and Z-Z characters. Therefore, through 
subtracting the absorption onsets by the corresponding emission onsets in table 4.2, the 
indirect and direct band separations are determined to be 1.5±0.2 eV and 2.2±0.2 eV for 
WO3, and 1.7±0.2 eV and 2.3±0.2 eV for Na0.67WO3, respectively. The larger band 
separations of Na0.67WO3 indicate that EF is approximately located at ~ 0.2 eV above the 
bottom of the CB in this sodium-tungsten bronze. 
Figure 4.6 shows normalized O K-edge RXES spectra for both γ-WO3 and cubic 
Na0.67WO3 measured at NG incidence geometry, along with their respective XAS spectra 
in TFY mode. The RXES excitation energy is varied across the XAS t2g
*
 peak from the 
absorption onset towards the main absorption peak. For each RXES spectrum, the non-
resonant XES spectrum is plotted alongside as a demonstration of the resonant effect. 
Note that the core-hole energy shift is not taken into account here, since the absorption 
spectrum is plotted together with the emission spectra on a common calibrated photon 
energy axis. The elastic peak is visible in the first three RXES spectra when excited on 
the absorption pre-edge of WO3, which moves position toward higher photon energy and 
decreases spectral strength with the increasing excitation energy. The Fermi edge is 
observed in all RXES spectra of Na0.67WO3 and stays at constant energy irrespective of 
the incident photon energy, supporting the metallic nature of the CB states. 
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Figure 4.6. The normalized O K-edge RXES (grey filled stars) and corresponding TFY (black open stars) 
spectra at NG incidence geometry are plotted on a common photon energy scale for (a) γ-WO3 and (b) 
cubic Na0.67WO3. Three-point adjacent-averaging smoothing (black lines) of RXES data is adopted as a 
guide to the eye. The RXES excitation energies located at the XAS spectral features are marked with black 
crosses. The above-threshold XES spectrum (black dotted line) is also plotted alongside each individual 
RXES spectrum to demonstrate the resonant effect and energy shift. The elastic peaks are indicated with 
vertical bars. The energy position of the Fermi edge is marked by a vertical dashed line. 
 
With respect to the non-resonant XES, the spectral strength of t2g states in the RXES is 
visibly enhanced for both γ-WO3 and cubic Na0.67WO3, when intensities are normalized 
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to the non-bonding states. After the coherent contribution to RXES has been extracted, 
which is not shown here, the O 2p non-bonding states reveal an upward dispersion of ~ 
0.3 eV with the excitation energy increased from the absorption onset to the main peak 
for both compounds. However, no obvious dispersion is observed in the t2g and eg states 
for either compound. In comparison, CdO[104] with an indirect gap presents an upward 
dispersing VB in RXES with increasing excitation energy as well, while the VB top of 
the direct gap material ZnO,[43] which is also mainly composed of pure O 2p states, 
displays an opposite downward dispersion. Whereas, little or no change in RXES spectra 
found in In2O3[103] led to the conclusion of a direct band gap. Following the same idea, 
these results from the XAS/XES measurements in this study confirm that WO3 has an 
indirect band gap, supporting the theoretical calculations. 
Apparently, the O 2p non-bonding states of γ-WO3 appear suppressed and broadened in 
the RXES spectrum when excited near the absorption onset (hν = 529.5 eV). In addition, 
the non-bonding states are located so close to the π-bonding states in this spectrum that it 
becomes difficult to distinguish them. However, the absorption-onset RXES spectrum 
pertains almost the same structure as the above-threshold XES spectrum for cubic 
Na0.67WO3. This is attributed to the anisotropic band structure of monoclinic γ-WO3 
compared to cubic Na0.67WO3, which causes less definition of these states in the 
experimental spectrum. In the calculation, the O 2p non-bonding bands expand the 
energy range at the Γ point and extend to approximately -2.0 eV, where approaching the 
π-bonding states. Elsewhere in the BZ, these non-bonding bands are distinctly separated 
from the O 2p bonding states. 
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The remaining RXES spectra of WO3 are interpreted as progressively sampling vertical 
transitions between Γ and Z.  As discussed above, the XAS spectrum approaches the CB 
minimum at the Γ point and the contribution from unoccupied O 2py states is mainly 
resolved in NG geometry. Here in the calculation, only those unoccupied O 2p states of 
the lowest conduction bands in the region of Γ-Z have considerable py character. 
Therefore, the experimental geometry of the RXES measurements selectively probes 
direct transitions across the band gap within this region of k-space. With the increase of 
the incident photon energy, the experimental non-bonding feature is found to disperse in 
energy. Correspondingly in the band structure, although each non-bonding band behaves 
differently, their weighted center moves towards higher energy between Γ and Z, in 
agreement with the measurements. To summarize, the RXES spectra of WO3 presented in 
figure 4.6a measure transitions across the band gap from close to Γ-Γ, corresponding to 
the first spectrum excited at 529.5 eV, towards Z-Z. 
The indirect and direct band gaps can be obtained from the geometry-related RXES after 
the core-hole energy shift in the XAS process being corrected. A combination of the XAS 
and the absorption-onset RXES at NG incidence, both approaching the Γ point, gives the 
pure direct band separation (Γ-Γ) of 2.1±0.2 eV for γ-WO3 from the corresponding onsets 
in table 4.2. For the measurements in intermediate geometry as discussed above, a mixed 
direct separation of both Γ-Γ and Z-Z is extracted to be 2.2±0.2 eV for WO3, in excellent 
agreement with the NG incidence measurements here. In addition, the indirect band 
separation (Γ-Z) is determined to be 1.5±0.2 eV for WO3. Consequently, the direct 
separation (Z-Z) is expected to be no smaller than 2.2 eV. Considering the core-hole 
  
71 
energy shift of ~ -(0.7±0.2) eV, the indirect (Γ-Z) and direct (Γ-Γ) band gaps are 
determined to be 2.2±0.3 and 2.8±0.3 eV, respectively, for γ-WO3 single-crystals in this 
study.  
The result of this study is in agreement with the previous studies of the band gap of γ-
WO3.[9, 79, 115] An energy separation of ~ 3 eV between the top of O 2p VB and the 
Fermi level related to W 5d states was found in the XPS study of the oxygen-deficient 
surface of WO3 crystals induced by Ar
+
 ion bombardment.[9] The band gap with surface 
sensitivity of polycrystalline WO3 thin films was measured to be 3.28 (±0.14) eV from 
ultraviolet photoelectron spectroscopy and inverse photoemission by Weinhardt et al.[79] 
However, the energy gap measured from the photoemission is more likely a direct gap 
owing to momentum conservation and is usually overestimated compared to the bulk 
value because of the surface-sensitive nature of the experimental technique. Indirect and 
direct band gaps of 2.6 eV and 3.5 eV were reported from optical measurements, but on 
polycrystalline WO3.[115] Therefore, the measured energy gaps of this study are possibly 
closer to the bulk values in terms of experimental method and sample form. It is 
noteworthy that the experimental band gaps are much bigger in both absolute values and 
relative difference between indirect and direct gaps, compared to the theoretical energy 
gaps. This may be related to either the existence of oxygen deficiencies in samples or the 
more distorted monoclinic lattice in the real γ-WO3 crystal than the theoretically relaxed 
structure.[8, 10]  
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4.7 Conclusion 
In conclusion, the electronic structures of WO3 and Na0.67WO3 crystals were studied 
using combined O K-edge XAS and RXES. Additionally, the O 2p PDOS and the band 
structure of γ-WO3 with the orbital-specific contributions were calculated by DFT theory. 
The measured spectra confirm that the rigid-band model fails to explain the electronic 
structure of the NaxWO3 system with Na doping. Instead, Na chemical bonding and the 
Na 3s-O 2p hybridization need to be included in order to understand the full details. The 
observation of occupied states at the bottom of the CB for metallic Na0.67WO3 enables a 
direct experimental measurement of the core-hole energy shift. The linear extrapolation 
of XAS and RXES spectral onsets is demonstrated to be a practical method to determine 
the indirect and direct band gaps of insulating WO3 after accounting for the core-hole 
shift. For γ-WO3, the experimental spectra compare well with the DFT calculations and 
the measured anisotropy in O 2p PDOS of the CB is explained by the dipole-selection 
and k-selection rules. The band dispersion of O 2p non-bonding states measured by the 
orbital-resolved RXES is in excellent agreement with the calculated band structure by 
means of the k-selection rule and momentum conservation. 
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Chapter 5 Electronic structure of β-Na0.33V2O5 polycrystalline films: 
growth, spectroscopy, and theory 
 
5.1  Introduction to quasi-one-dimensional β-Na0.33V2O5 
The β-phase sodium vanadium bronzes, β-NaxV2O5 (0.2 ≤ x ≤ 0.4),[28, 29] are quasi-one-
dimensional (1D) conductors with fascinating magnetic, electric, and structural 
properties. For instance, the excellent electrochemical properties of β-NaxV2O5 make it a 
high-performance cathode material suitable for use in lithium batteries.[31-33] When the 
intercalation x = 0.33, β-Na0.33V2O5 undergoes three consecutive phase transitions upon 
temperature cooling down: a transition accompanied by the ordering of Na
+
 cations along 
the crystal b axis at ~ 230 K, a metal-insulator transition (MIT) along the b direction with 
the formation of a charge ordering around 136 K, and subsequently a magnetic transition 
at ~ 24 K.[30, 62] Additionally, pressure-induced superconductivity occurs in β-
Na0.33V2O5 at temperatures below ~ 8 K, and under pressures greater than ~ 8 GPa when 
the charge-ordered phase is completely suppressed.[117]  
The quasi-1D conductivity of β-NaxV2O5 (ρc/ρb ≈ 100 when x = 0.33) is due to the high 
anisotropy of its crystal structure, belonging to the monoclinic C2/m space group.[30] 
Figure 5.1 shows the projection along the b axis of the β-NaxV2O5 crystal structure, 
together with the vanadium polyhedra arrangement. The unit-cell atomic positions were 
taken from the crystal structure of β-Na2-xV6O15 by Wadsley et al.[29] The vanadium 
cations occupy three crystallographically independent sites, usually denoted by V1, V2, 
and V3, with octahedral coordination for the V1 and V2 cations and square pyramidal  
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Figure 5.1. Two unit cells (black lines) of the monoclinic crystal structure of β-NaxV2O5 (C2/m) projected 
along the crystal b axis (top figure). V1-V3 refer to three crystallographically independent vanadium sites. 
A represents interstitial sites within the tunnels along the b axis. Polyhedra arrangement of the (V1)O6 and 
(V3)O5 zigzag chains (bottom left figure) and the (V2)O6 ladder (bottom right figure) is also demonstrated. 
 
coordination for the V3 cation.[4, 29] The distortions to these polyhedra cause a 
shortening of the bond length between vanadium and an apical oxygen, which allows a 
multiple vanadium-oxygen covalent (vanadyl) bond to take place, accompanied by a 
strong delocalization. Additionally, the distortions expand the bond length of vanadium, 
particularly V3, to a sixth neighboring oxygen, resulting in the common consideration of 
these polyhedra as distorted square pyramids.[34] The zigzag double chains, composed of 
(V1)O6 octahedra and (V3)O5 pyramids, and the two-legged ladders, comprised of 
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(V2)O6 octahedra, constitute a V2O5 framework with infinite tunnels along the b axis, as 
displayed in figure 5.1. Two different interstitial sites, usually referred to as A1 and A2, 
are contained in these tunnels, which are occupied separately and lead to either β- or β'-
phase vanadium bronzes (AxV2O5), correspondingly. The Na
+
 cations are preferentially 
located on the A1 sites in each tunnel and form a pair of chains along the b direction 
within the V2O5 framework.[4, 15] Due to this highly anisotropic crystal structure, β-
Na0.33V2O5 displays quasi-1D conductivity along the b axis, as reported by resistivity 
measurements.[30, 62, 63]  
Due to the equivalent electron doping and the resembled crystal structure, β-Na0.33V2O5 
with monovalent A
+
 cations and β-Sr0.17V2O5 with divalent A
2+
 cations are often 
considered as isoelectronic and isostructural compounds. On the other hand, the 
electrostatic potential is significantly different between these two compounds, since the 
A-sites are half-filled in β-Na0.33V2O5 and quarter-filled in β-Sr0.17V2O5.[118] Whereas, 
two crystallographically distinct compounds, β-A0.33V2O5 with 1D structural arrangement 
and α’-NaV2O5 with 2D arrangement, are based on similar structural units containing a 
square pyramid environment of vanadium,[34] and their similarities in the electronic 
structure have been experimentally observed.[119, 120] For instance, optical conductivity 
studies of β-Na0.33V2O5[121] and β-Sr0.17V2O5[118] demonstrated that the far-infrared 
spectra of these two compounds are different at low temperature although the mid-
infrared band is very alike. A Raman scattering study showed that the spectra of β-
Ca0.33V2O5, another member of β-AxV2O5 family, resemble those of α’-NaV2O5 at room 
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temperature, which indicates similar charge-phonon dynamics between those two 
compounds.[119]  
Although there has been a large amount of work on two related compounds, V2O5[95, 
122-124] and α’-NaV2O5,[125, 126] the electronic structure of β-Na0.33V2O5 has not been 
extensively investigated. The reported soft x-ray spectroscopic studies are XAS,[127] 
XPS,[64] and ARPES[128] measurements of β-Na0.33V2O5, as well as XAS, XES, and 
RIXS measurements of β-Sr0.17V2O5.[129] The x-ray absorption near-edge structure 
spectra at the V L- and O K-edges of β-Na0.33V2O5 powders displayed higher resolution 
than the electron energy-loss spectroscopy data.[127] The V 2p3/2 core-level of β-
Na0.33V2O5 nanobelts was revealed to show a double-peak structure in the XPS spectra 
owing to the presence of V
5+
 and V
4+
 charge states.[64] The VB of β-Na0.33V2O5 single-
crystal was found to display a dispersion along the b direction and the V 3d band to 
present a Gaussian-like line shape by ARPES measurement.[128] For β-Sr0.17V2O5 single-
crystal, strong orbital anisotropy was recorded using polarization-dependent XAS and 
low-energy excitations were detected by V L-edge RIXS.[129]  
In this thesis study, the electronic structure of β-Na0.33V2O5 is comprehensively 
investigated by means of various synchrotron-based spectroscopic techniques (XAS, 
XES, XPS, and RIXS), together with thin film growth and characterization. In addition, 
the calculated O 2p PDOS of β-Na0.33V2O5, via DFT, is directly compared to the O K-
edge XAS and XES spectra. These combined experimental and theoretical methods are 
excellent to address the close connections between 1D as-grown microstructure, highly 
distorted crystal structure, and strongly anisotropic electronic structure of β-Na0.33V2O5. 
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V2O5 is also studied in this thesis, as a direct comparison to β-Na0.33V2O5, since V2O5 
shares the same basic building blocks to its crystallographic structure as β-NaxV2O5, and 
its electronic structure is well-characterized both theoretically[123, 124] and 
experimentally.[95, 122, 124, 130-132] Moreover, the results of Na0.33V2O5 are compared 
with the previous measurements of β-Sr0.17V2O5,[129] in order to study the effects on the 
electronic structure of β-AxV2O5 owing to the distortion of the VO6 octahedra, as well as 
the cation valence and concentration. 
 
5.2 Experiment and computation 
The hard x-ray photoelectron spectroscopic (HAXPES) measurements were carried out at 
Beamline X24A, NSLS, BNL. This beamline has a bending magnetic source and is 
equipped with a R3000 Scienta Electron Analyzer. The HAXPES spectra were measured 
with an incident photon energy of ~ 4023 eV and an analyzer pass energy of 500 eV in 
transmission mode for the valence band region and core-levels. For the wide scan 
measurements, a pass energy of 200 eV in angular mode was employed. During the 
experiments, the sample geometry had a take-off angle of ~ 85 degrees with respect to the 
analyzer to enhance the bulk-sensitivity. The photoemission binding energy scale was 
calibrated using both the Au 4f core levels and the Au Fermi edge as measured from a 
gold foil in electrical contact with the sample. The spectrometer energy resolution is 
determined to be approximately 0.2 eV from a Sigmoid function fit of the Au Fermi edge. 
The Au reference scans were recorded both before and after the measurements of the 
samples, in order to take account of shifts in the photon energy.   
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The soft x-ray measurements were performed at undulator beamline X1B, NSLS.  The 
XAS spectra were recorded in both TEY and TFY detection modes with an energy 
resolution of approximately 0.2 eV at the O K-edge. The XES spectra were collected 
using a Nordgren-type, Rowland circle spherical grating spectrometer with an 
instrumental energy resolution of approximately 0.8 eV at the O K-edge.[51] For the 
RXES and RIXS measurements, the energy resolution of incident photons was set to 
approximately 0.48 eV at the O K-edge. 
During the soft x-ray measurements, the angle-dependent XAS spectra were measured at 
both grazing incidence (GI) with ~ 15° grazing angle and normal incidence (NI) 
geometries, and all the other spectra were recorded at a geometry with intermediate 
incident angle. In particular, for the (001) oriented V2O5 film, the XAS spectrum 
collected at GI mainly reflects the O 2p PDOS projected along the crystal c axis, whereas 
at NI the spectrum primarily probes a combination of the O 2p components along both 
the a and b directions. For the β-Na0.33V2O5 film with the b axis oriented in plane, the GI 
geometry mostly resolves the O 2p orbitals along the c and a directions, and NI couples 
to orbitals parallel to the b axis. For the XAS and XES spectra measured at intermediate 
geometry, a mixture of all three O 2p components (along x, y and z crystal axes) is 
sampled. 
All the sol-gel samples studied in the soft x-ray measurements were grown on silicon 
substrates.  Before being loaded into the endstation chamber with an UHV pressure of 10
-
10
 Torr, sample surfaces were rinsed with ethanol and dried under nitrogen gas flow to 
remove possible macroscopic contamination. In-situ surface cleaning was then carried 
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out through a degas in long duration time, followed by a mild anneal at temperature over 
100 °C in UHV. In order to avoid beam-induced damage during the XES measurements, 
the sample was continuously moved via a raster scanning of the surface. 
The DFT calculation of the electronic structure of β-Na0.67V2O5 has been performed using 
the hybrid functional PBE0[133] as implemented in the CRYSTAL09 code.[134] The 
Gaussian-type basis sets designed for Na,[135] V,[136] and O[137] atoms in solid-state 
compounds are used throughout the computation. The Monkhorst-Pack sampling[138] of 
reciprocal space was carried out by choosing a grid of shrinking factor to be 4 × 20 × 6 to 
maintain approximate consistency with the ratios between the reciprocal lattice 
parameters in β-NaxV2O5. The crystal structure,[29] in which all A sites are occupied by 
Na cations, is adopted in the calculation, and the band structure of the experimental 
stoichiometry (x = 0.33) is approximated by subsequently rigidly shifting the Fermi level. 
Such a rigid-band approximation, although crude, is considered to be sufficiently 
accurate for the purposes employed here. The truncation of the Coulomb and exchange 
series in direct space is controlled by setting the Gaussian overlap tolerance criteria to 10
-
6
, 10
-6
, 10
-6
, 10
-6
, and 10
-12
.[135] The self-consistent field (SCF) procedure is converged 
to a tolerance of 10
-6
 a.u. per unit cell. To accelerate convergence of the SCF process, all 
calculations have been performed adopting a linear mixing of Fock matrices by 30%. 
Electronic exchange and correlation are described using the PBE0 hybrid-exchange 
functional.[133] The advantages of hybrid-exchange functional include a partial 
elimination of the self-interaction error and balancing the tendencies to delocalize and 
localize wave functions by mixing a quarter of Fock exchange with that from a GGA 
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exchange functional.[133] The performance of the hybrid-exchange functional such as 
PBE0, implemented in CRYSTAL code[135] has previously been shown to provide an 
accurate description of the electronic structure and magnetic properties for both inorganic 
and organic compounds.[139, 140]  
 
5.3 HAXPES study of V2O5 and β-Na0.33V2O5 films 
In addition to measuring the occupied DOS of the VB and the binding energies of core 
levels, XPS also provides useful information about element identification and 
quantification, complementary to EDS in this thesis study. Owing to the increased 
penetration depth of hard x-rays, HAXPES has the advantage of greater bulk sensitivity, 
compared to surface-sensitive soft XPS.   
Figure 5.2 presents the HAXPES spectra of both 4-coating V2O5 and 9-layer β-
Na0.33V2O5 films.  Sharp and well-defined peaks of core levels are observed in the wide 
scan, as displayed in figure 5.2a. Our V2O5 spectrum agrees well with the wide scan 
measured from the exposed (001) plane of V2O5 single-crystal cleaved in vacuum.[131] 
With respect to pure V2O5, the β-Na0.33V2O5 spectrum demonstrates the existence of a 
strong Na 1s peak at 1071.3 eV and a visible Na 2s feature at 63.3 eV. The binding 
energy of the Na 1s level is in excellent agreement with the energy location at 1071.0 eV 
of β-Na0.33V2O5 nanobelts,[64] and the observation of the Na 2s level indicates the 
excellent sample quality, as well as the high spectroscopic resolution and statistics. Due 
to the difficulty in reliably estimating the photoionization cross section at 4 keV and the  
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Figure 5.2. HAXPES spectra of both V2O5 (grey solid lines and symbols) and β-Na0.33V2O5 (black solid 
lines and symbols) films are displayed on a binding energy scale showing (a) wide scan, (b) O 1s and V 2p 
core levels, and (c) valence band. The inset in (a) illustrates the observation of the Na 2s feature of β-
Na0.33V2O5 in the enlarged energy region between 0 and 80 eV. The weakly-occupied V 3d states of β-
Na0.33V2O5 in (c) are magnified and fit by a Gaussian function (thick black solid line). 
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sensitivity factor of the spectrometer, the HAXPES data are not able to precisely 
determine the stoichiometry of Na in the β-NaxV2O5 sample. Instead, the HAXPES 
results are found to qualitatively agree with a sodium concentration of ~ 0.33, consistent 
with the EDS results. 
As shown in figure 5.2b, for both compounds, the V 2p core-level spectra consist of 2p1/2 
and 2p3/2 levels with energy separation of 7-8 eV, due to spin-orbit splitting. The clean O 
1s peak is absent of any surface contamination signal on the higher binding-energy side, 
which often arises from carbon oxides[132] or hydroxide bonding from synthesis.[64] In 
contrast to the single-peak spectral shape of V2O5 with pure V
5+
 charge state, the V 2p3/2 
core-level spectrum of β-Na0.33V2O5 displays a double-peak structure comprised of a 
main peak with V
5+
 character and a lower energy shoulder of V
4+
 character. The line 
shape of this double-peak feature is fitted with a Voigt function after subtraction of a 
Shirley background. The V 2p3/2 binding energies are determined to be 517.2 eV and 
515.7 eV, respectively, which agree very well with the corresponding energies of 517.2 
eV and 515.8 eV for V
5+
 and V
4+
, reported by Silversmit et al.[141] Also, our results are 
in good agreement with the binding energies of 517.3 eV (V
5+
) and 516.0 eV (V
4+
) of β-
Na0.33V2O5 nanobelts,[64] but present a better resolved V
4+
 feature. Moreover, the fitted 
areas underneath the V
5+
 and V
4+
 components of the V 2p3/2 core level indicate a ratio of 
0.78:0.22 between the two species, V
5+
:V
4+
. This result agrees very well with a mixed 
valence of 0.83:0.17 expected from stoichiometric β-Na0.33V2O5, if the errors in 
determining the spectral components and the energy-dependent background are taken into 
account. Lastly, the line shape of the O 1s core level of β-Na0.33V2O5 appears slightly 
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broader and more asymmetric with respect to V2O5, which is attributed to the weak 
contribution from electron shakeup processes across the Fermi edge, i.e. Doniach-Šunjić 
processes, of conducting β-Na0.33V2O5. A similar asymmetric broadening of core levels 
was previously reported in the metallic phase of V2O3 compared with insulating 
TiO2.[142]  
The broad structure of the VB, expanding the energy region between 2.5 and 9 eV in 
figure 5.2c, originates mainly from the contribution of the O 2p band.[128] No surface 
contamination signal, which usually appears at 9-10 eV for TMOs, is observed, 
consistent with the clean O 1s peak. The weak feature in the β-Na0.33V2O5 spectrum, 
located at ~ 0.9 eV below the Fermi level, comes from weakly-occupied pure V 3d states, 
which is absent in the V2O5 spectrum. The spectral shape of the pure V 3d feature 
exhibits a Gaussian-like line shape, which agrees well with ARPES measurements.[128] 
The weak intensity of the pure V 3d states is attributed to both the low V
4+
 fraction of 
17% in β-Na0.33V2O5 and the small ionization cross-section of V 3d sub-shell at incident 
photon energy of ~ 4 keV. 
 
5.4 Band structure of V2O5 and β-Na0.33V2O5 films studied by XAS/XES and 
DFT 
Although the XAS process at the TM L-edge is dominated by the interactions between 
the 2p core hole and the 3d valence wave functions, i.e. multiplet effects,[39, 40] angle-
dependent XAS measurements of V2O5 have demonstrated that the detailed information 
  
84 
about the unoccupied PDOS is available at the V L-edge under favorable 
circumstances.[124]   
 
Figure 5.3. The normalized V L3,2-edge XAS spectra of (a) both V2O5 (grey color) and β-Na0.33V2O5 (black 
color) films recorded at an intermediate geometry, and of (b) V2O5 film collected at NI (open stars) and GI 
(open squares) geometries are plotted on a photon energy scale. The XAS spectra was detected in both 
TEY (solid lines) and TFY (open symbols) modes. The photon energies of the L3-edge spectral features are 
indicated by vertical dot lines.  
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Figure 5.3a presents normalized V L3,2-edge XAS spectra of both 4-coating V2O5 and 6-
layer β-Na0.33V2O5 films recorded at an intermediate geometry. The polarization-
dependent XAS spectra of the V2O5 film collected at both GI and NI geometries are 
displayed in figure 5.3b. The two typical main absorption peaks, located at ∼ 519 eV and 
∼ 525 eV, arise from the V L3-edge and L2-edge transitions from the spin-orbit split V 
2p3/2 and 2p1/2 core levels to unoccupied V 3d orbitals, correspondingly.   
The XAS spectral features of the two sol-gel films quantitatively agree with the reported 
absorption spectra of V2O5[124] and β-Na0.33V2O5,[127] consistent with good sample 
quality. Both sol-gel compounds present the V
5+
 spectral species composed of a main 
peak at 518.8 eV and a notable feature at 515.8 eV. According to atomic multiplet 
calculations of β-Sr0.17V2O5,[129] the energy separation between these two V
5+
 features is 
proportional to the crystal field parameter 10Dq. The larger separation of 3.0 eV between 
V
5+
 species at the V L3-edge here than that of 2.4 eV in β-Sr0.17V2O5[129] suggests a 
larger crystal field splitting 10Dq in β-Na0.33V2O5. Moreover, a pronounced knee 
observed in the β-Na0.33V2O5 spectrum, located at ~ -1.6 eV off the L3 main peak, and the 
absence of this feature in V2O5 indicate its origin as V
4+
 character. According to atomic 
multiplet calculations, this feature is associated with the presence of occupied V
4+
 
species, which appears at ∼ -1.4 eV below the L3 main peak for β-Sr0.17V2O5,[129] 
contrary to the explanation of the same knee at ~ -1.5 eV in polycrystalline β-Na0.33V2O5 
as owing to the crystal-field splitting.[127]     
The polarization-dependent XAS results of the sol-gel V2O5 film are in good agreement 
with both the angular XAS measurements of single-crystal V2O5[124] and the PDOS 
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calculations of bulk V2O5.[123] In total, seven spectral features, as reported by Goering et 
al.,[124] are clearly resolved in the V L3-edge spectra. Features located at 515.2 eV 
(labeled as V7 in reference [124]), 515.9 eV (V1), 518.8 eV (V5), and 519.4 eV (V6) are 
observed in both GI and NI spectra. Peaks at 517.1 eV (V2) and 518.2 eV (V4, better 
resolved in the TFY) are only notable in the NI spectra, whereas the feature at 517.6 eV 
(V3) is discernible only in the GI spectra. The appearance of features V2, V3, and V4 
varied with the experimental geometry during the measurements agrees very well with 
refence [124], and is related to the similar surface orientation (crystal c axis) with respect 
to the photon polarization (E vector). Furthermore, the strong anisotropic electronic 
structure of the V2O5 film is consistent with the preferential growth orientation suggested 
from the XRD data. The GI (or NI) geometry of the (001) oriented film here corresponds 
to the experimental geometry of the polarization vector E nearly parallel (or 
perpendicular) to the crystal c axis, i.e. Φ = 75° (or 0°), respectively, in reference [124]. 
According to dipole-selection and k-selection rules, excitations from V 2p core-levels to 
the unoccupied V 3dxz, 3dyz, 3d3z
2
-r
2
 levels are permitted in the former geometry, whereas 
transitions to all five V 3d orbitals take place in the latter case. In particular, for V2O5, 
features V1-V3 and V7 originate from t2g states and peaks V4-V6 have predominantly eg 
character, as suggested by the direct comparison between the orbital-resolved XAS 
spectra[124] and the V 3d PDOS calculations.[123] 
Figure 5.4 shows angle-dependent XAS spectra at the O K-edge of 4-coating V2O5 and 6-
layer β-Na0.33V2O5 films measured at both GI and NI geometries, as well as the orbital-
projected O 2p PDOS of the CB of β-Na0.33V2O5 obtained from DFT calculation. The  
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Figure 5.4. Angle-dependent XAS spectra at the O K-edge of (a) 4-coating V2O5 and (b) 6-layer β-
Na0.33V2O5 films, recorded in both TEY (solid lines) and TFY (open symbols) modes at both GI (open 
stars) and NI (open squares) geometries, are displayed on a photon energy scale. (c) The unoccupied PDOS 
of the O 2py (short dash line) and O 2pzx (solid line) orbitals of β-Na0.33V2O5 is displayed on a binding 
energy scale. The dash line in (a) represents the TEY spectrum of 1-coating V2O5 film measured at GI 
geometry. The energy positions of the spectral features are indicated by vertical dot lines. 
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spectral intensities of the O K-edge XAS are normalized to the corresponding XAS 
spectra at the V L-edge. The O 2p PDOS of the CB has been convoluted with a 
Lorentzian function with half width at half maximum (HWHM) of 0.22 eV and then a 
Gaussian function with full width at half maximum (FWHM) of 0.20 eV, in order to take 
account of the O 1s lifetime broadening[94] and the absorption energy resolution, 
respectively.  
The two main features of the O K-edge XAS spectra arise from the hybridization of O 2p 
states with V t2g
*
 (at lower energy) and eg
*
 (at higher energy) orbitals, respectively, which 
is consistent with the V L3-edge XAS spectra. The photon energies of these two features 
are determined to be 529.6 and 531.3 eV for V2O5, and 529.4 and 531.2 eV for β-
Na0.33V2O5, correspondingly, which leads to a similar energy separation between t2g
*
 and 
eg
*
 hybridization states for both compounds. Since the eg
*
 feature is very broad at its 
higher energy shoulder, the energy splitting at the O K-edge is experimentally determined 
to be at least ~ 1.8 eV for β-Na0.33V2O5, which is in good agreement with the theoretical 
value of ~ 2.0 eV via DFT and a measured splitting of ~ 1.7 eV for β-Sr0.17V2O5.[129] In 
the V2O5 spectra, an additional feature appears on the high energy shoulder of the eg
*
 
states, located at ~ 1.1 eV above the main σ* peak. This second eg
*
 feature appears more 
visible and the orbital anisotropy becomes more prominent in the TEY spectrum of the 1-
coating V2O5 film recorded at GI geometry, as shown by the dash line in Figure 5.4a, due 
to the better growth quality in the thinner film, such as surface smoothness and 
preferential c orientation. The observation of double eg
*
 features in the sol-gel films is 
consistent with the presence of a second σ* peak at ~ 1.2 eV above the main peak in the 
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XAS spectra of single-crystal V2O5 collected at E||z geometry.[124] This observed eg
*
 
splitting is also in good agreement with the separation of ~ 1.2 eV between the top of the 
manifold, owing to dz
2
 orbital, and the bottom of eg
*
 states, due to dx
2
−y
2
 orbital, from 
band calculations of bulk V2O5.[123] For single-crystal β-Sr0.17V2O5, a second σ
*
 peak 
was also found to be present at ~ 0.8 eV above the main peak.[129] The splitting of eg
*
 
states in the β-Na0.33V2O5 spectrum is weaker, but still discernible. 
For both compounds, the XAS spectra display prominent anisotropy with the variation of 
experimental geometry. The intensity of eg
*
 states appears significantly suppressed in the 
XAS spectrum measured at NI geometry and the spectral weight is transferred from π* 
peak to σ* peak in the spectrum at GI. Owing to the orbital specificity under the dipole 
approximation, for V2O5 (β-Na0.33V2O5), the GI spectrum has largely O 2pz (2pz and 2px) 
character, whereas the NI spectrum has mostly O 2px and 2py (2py) character. For V2O5, 
the eg
*
 hybridization states are predominantly contributed by the O 2pz orbitals of the 
vanadyl bond as suggested by ab initio band structure calculations.[123] Experimentally, 
this conclusion was supported by polarization-dependent XAS measurements,[124] 
which revealed a substantial growth in the intensity of σ* peak with the rotation of the 
polarization vector from perpendicular to collinear to the vanadyl bond. For β-AxV2O5, 
the vanadyl bonds of the V1, V2, and V3 polyhedra are approximately arranged along the 
crystallographic c+a, c, and a directions, respectively, rather than the crystallographic b 
axis, as will be shown later in figure 5.8.[129] Orbital-resolved XAS measurements of β-
Sr0.17V2O5, an iso-electronic analogue of β-Na0.33V2O5, show similar pronounced 
anisotropy in the spectrum recorded with E||b, with respect to spectra collected with 
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polarizations parallel to the a and c axes.[129] The strong anisotropy of the unoccupied O 
2p PDOS of β-Na0.33V2O5 predicted by the calculations in figure 5.4c agrees very well 
with the experimental spectra in figure 5.4b.  The strength of the eg
*
 hybridized states is 
much weaker than that of t2g
*
 states in the theoretical O 2py PDOS, which is consistent 
with the XAS spectrum recorded at NI geometry. Whereas, the intensities of the σ* and π* 
states are almost equivalent in both the O 2pz and 2px PDOS, resembling the spectrum at 
GI.  
Overall, the XAS measurements of the sol-gel samples agrees very well with the previous 
measurements and calculations of both single-crystalline and polycrystalline V2O5 and β-
Na0.33V2O5. The pronounced anisotropy of the angle-dependent spectra confirms the 
preferential orientation existing in these films, consistent with the XRD data. All these 
data strongly support the high-quality crystallinity and stoichiometry of the samples.  
Figure 5.5 presents normalized (to maximum intensity) resonant and non-resonant XES 
spectra at the O K-edge of 9-layer β-Na0.33V2O5 film, together with the normalized (to 
maximum intensity) O 2p PDOS of the VB of β-Na0.33V2O5 derived from DFT. The 
RXES excitation energies are selected to be located at XAS spectral features, which are 
close to the absorption onset (hν = 528.1 eV), resonant with the t2g
*
 (hν = 528.8 and 529.5 
eV) states, and excited with eg
*
 (hν = 531.2 eV) states, correspondingly. The normal XES 
is recorded with incident photon energy of ~ 580 eV, which is well-above the absorption 
threshold. Elastic spectral features, owing to the elastic scattering of x-rays, are visible in 
the resonant spectra, and their energy positions coincide with incident photon energies. 
The theoretical VB structure of the O 2p states has been broadened with a Lorentzian 
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function (HWHM = 0.22 eV), followed by a Gaussian function (FWHM = 0.8 eV) to 
account for the O 1s lifetime broadening[94] and the emission instrumental resolution, 
respectively. For the purpose of a direct comparison, the experimental spectra and the 
theoretical results have been shifted with respect to each other to align the corresponding 
energy locations of the O 2p non-bonding and bonding states. 
 
 
Figure 5.5 Normalized resonant and non-resonant XES spectra (solid lines) at the O K-edge of β-
Na0.33V2O5 are plotted on a photon energy scale (top axis). The normalized O 2p PDOS of the VB structure 
(thick solid line) of β-Na0.33V2O5 is displayed on a binding energy scale (bottom axis). The RXES 
excitation energies are varied across the absorption spectrum.  The vertical dot lines indicate the lower and 
upper bounds of the π hybridization states extracted from the XES spectra. 
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The measured O 2p states of the VB expand the energy region between ~ 522 eV and ~ 
528 eV in the non-resonant XES spectrum, displaying a spectral width of ~ 6 eV. This 
agrees very well with the broadened O 2p PDOS calculation in the energy range from ~ -
9 to ~ -3 eV, as well as previously reported band structure calculations,[15] given an 
experimental resolution broadening of ~ 0.8 eV involved here. The origin of these 
occupied O 2p states is experimentally determined here by examining the resonance 
effect of RXES compared to non-resonant XES. When excited close to the absorption 
onset, the RXES spectrum is resonant with pure t2g
*
 states at the bottom of the CB and 
gives the lower end of the π hybridization in the VB. When the excitation energy is 
gradually increased to the π * peak, the spectrum is resonant with the majority of t2g
*
 
states and provides the upper bound of the π hybridization. As the incident photon energy 
increases to the σ* peak, the spectrum consists of the coherent part that is resonant with 
the majority of eg
*
 states, as well as the incoherent contribution from π hybridization and 
non-bonding states. Therefore, those bonding states between 523.7 and 525.3 eV in the 
non-resonant XES spectrum originate from π hybridization, with σ hybridization towards 
the lower end and non-bonding states near the upper bound of the O 2p VB structure. 
Theoretically, the DFT calculations suggest similar energy locations of the occupied O 2p 
states of β-Na0.33V2O5, which agrees with the qualitative V 3d-O 2p orbital interaction of 
β-A0.33V2O5.[34] The well-resolved RXES spectra demonstrate the well-established VB 
structure of the β-Na0.33V2O5 film. The O K-edge RXES spectra of the V2O5 film, not 
shown here, display very alike spectral structure as β-Na0.33V2O5 but stronger elastic 
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peaks, suggesting a similar oxygen bonding environment in both compounds and the 
more localized electronic structure of insulating V2O5. 
 
5.5 Crystal-field excitations of β-Na0.33V2O5 studied by RIXS 
 
 
Figure 5.6. The normalized RIXS spectra at the V L-edge and the off-resonant XES spectra excited above 
the V L-edge (solid lines) of (a) V2O5 and (b) β-Na0.33V2O5 films, alongside their respective XAS spectra in 
TFY mode (open symbols), are displayed on a common photon energy scale. The locations of RIXS 
excitation energies at the XAS spectral features are marked with black triangles. The dispersions of the CT 
excitations together with the elastic peaks are traced by the dot lines. 
  
94 
Figure 5.6 displays normalized (to the maximum intensity) RIXS spectra recorded at the 
V L-edge and off-resonant XES spectra excited above the V L-edge of 4-coating V2O5 
and 9-layer β-Na0.33V2O5 films, together with their corresponding XAS spectra in TFY 
mode. The RIXS excitation energy increases across the XAS spectrum from the 
absorption onset to the main V L3 and L2 absorption peaks. The intensity of the elastic 
peak appears very strong in insulating V2O5 and weak in conducting β-NaxV2O5, 
consistent with the O K-edge RXES data. 
For both compounds, the broad spectral feature, staying at constant emission energy 
around ~ 510 eV, arises from the V 3d-O 2p hybridization due to the V L3-edge emission. 
Those weak features, centered at ~ 515 eV and ~ 518 eV in the XES spectra excited 
above the V L-edge, represent a combination of V 3d-O 2p fluorescence owing to L2-
edge emission and possible charge-transfer (CT) features. The presence of O 2p states in 
the off-resonant XES spectra comes from the overlapping with the O K-edge excitation. 
When excited close to the absorption threshold, the contribution from the fluorescence 
features to the RIXS spectra is weak and the loss features become relatively pronounced, 
which enables a direct measurement of low-energy excitations. A broad feature disperses 
its energy location along with the elastic peak in the XES spectra when excited near the 
absorption onset (514.3 eV), as indicated by dot lines in figure 5.6 for both compounds. 
This feature cannot be interpreted as a fluorescence feature and is therefore assigned to 
CT excitations, which have been observed previously for both V2O5 powder[95] and α’-
NaV2O5 single-crystals.[125] In order to further investigate the loss features including CT 
excitations, whose energy locations are irrespective of incident photon energy, the RIXS 
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spectra are examined on a loss energy scale obtained through subtraction of the emission 
photon energy by the incident photon energy.   
 
 
Figure 5.7. The normalized V L3-edge RIXS spectra are plotted on a loss energy scale. (a) The RIXS 
spectra excited near the absorption threshold (normalized to the pre-edge of CT states) are compared 
between V2O5 (grey solid line) and β-Na0.33V2O5 (black solid line). (b) The RIXS spectra excited close to 
the absorption onset (black filled triangles) together with the noise-filtered spectra (black solid lines) reveal 
the location of the dd
*
 transitions in β-Na0.33V2O5. The energy locations of the CT excitations, the dd
*
 
transitions, and elastic peaks are indicated by vertical dot lines. 
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Figure 5.7 displays normalized V L3-edge RIXS spectra when excited (a) close to the 
absorption threshold (514.3 eV) and (b) at the absorption pre-edge (515.3-517.2 eV) on a 
loss energy scale. In addition to the raw spectra, noise-filtered V L3-edge RIXS spectra 
are also presented by employing maximum entropy [MaxEnt] deconvolution as a noise 
filter.[54, 143] The elastic peak stays at zero energy on the loss energy scale. The CT 
excitation is found to be centered at ~ -6 eV in loss energy for both compounds, as 
displayed in figure 5.7a, which agrees with the energy location of the CT band at ~ -6 eV 
in β-Sr0.17V2O5 single-crystals[129] and at ~ -7 eV in V2O5 powders,[95] α’-NaV2O5 
single-crystals,[125] and V6O13 single-crystals.[144]  
In figure 5.7b, a RIXS feature, located at constant loss energy of ~ -1.6 ± 0.1 eV, is 
attributed to a crystal-field dd
*
 excitation. For a V
4+
 d
1
 system, the RIXS excitation 
process is expressed as 2p
6
3d
1→2p53d2→2p63d1*, where the * in the final state refers to 
an excited configuration of the d
1
 ion.  On the other hand, dd
*
 transitions are naturally 
very weak in the d
0
 system, V2O5,[95] and are therefore not visible in the data. The 
appearance of the dd
*
 transition in the β-Na0.33V2O5 film indicates the finite band-filling 
of the V 3d orbitals, consistent with the double-peak structure of the V 2p3/2 core level 
and the weakly-occupied pure V 3d states in the VB observed in figure 5.2. According to 
the V L-edge RIXS study of α’-NaV2O5, dd
*
 excitations were reported to be located at ~ -
1.6 eV.[125]  For isoelectronic β-Sr0.17V2O5, dd
*
 excitations have been found to be 
centered at ~ -1.1 eV, and are associated with on-site transitions from the partially filled 
dxy magnetic orbital into the unoccupied dyz, and dzx orbitals.[129] The spectral strength of 
the dd
*
 transition of the β-Na0.33V2O5 film appears the strongest when excited at ~ -3 eV 
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below the V L3-edge absorption main peak, resembling the intensity variation with 
incident photon energy as β-Sr0.17V2O5. However, the dd
*
 energy of β-Na0.33V2O5 here (~ 
-1.6 eV) is found to be very close to that of α’-NaV2O5 (~ -1.6 eV) and substantially 
larger than β-Sr0.17V2O5 (~ -1.1 eV). Since the energy location of the dd
*
 transition 
corresponds to the energy separation between V 3d orbitals, the RIXS spectra suggest 
that the splitting of t2g levels is very alike in β-Na0.33V2O5 and α’-NaV2O5, but much 
weaker in β-Sr0.17V2O5. This result is consistent with the larger energy separation 
between V 3d t2g and eg orbitals of β-Na0.33V2O5 than that of β-Sr0.17V2O5, as revealed by 
the V L3-edge XAS. Finally, it is noteworthy to point out that the dimer-type inter-site dd 
transition within the V1-O-V2 ladder of β-Sr0.17V2O5 and β-Na0.33V2O5, observed at 0.8 
eV in the optical reflectivity measurements,[120] is expected to be weak in the RIXS 
process. 
 
5.6 Discussion of the VO6 octahedron distortion of β-Na0.33V2O5 and β-Sr0.17V2O5 
As the basic building units of zig-zag chains and ladders in β-AxV2O5, the VO6 octahedra 
are highly distorted due to the corner-shared neighboring interaction, as presented in 
figure 5.1 before. On one hand, these VO6 octahedra of a tetragonal symmetry are 
deformed with one V-Oapical bond compressed, the other elongated, and the basal-plane 
oxygen anions displaced out of plane. Consequently, the triply degenerate V 3d t2g and 
two-fold degenerate eg orbitals (separated by 10Dq) in a cubic crystal field are further 
split into dxy, dyz, dzx, dx
2
-y
2
 and dz
2
 levels, respectively. A picture of the V 3d orbital 
splitting owing to the VO6 octahedron distortion in a tetragonal crystal field is illustrated 
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in figure 5.8. For the V
 
d
1
 system, the electron preferentially occupies the lower-energy 
dxy orbital and the other two almost degenerate orbitals, dyz and dzx, remain unoccupied, as 
demonstrated in figure 5.8. The energy splitting between the upper and lower t2g levels is 
quantified by 5Dt-3Ds. On the other hand, this electron occupation determined by Hund's 
rule favors and strengthens the tetragonal deformation of t2g orbitals. 
 
 
Figure 5.8. The orientations of V1O6 , V2O6, and V3O6 octahedra of β-AxV2O5, projected along the crystal 
b axis and with the vanadyl bond (V-Oap) aligned with the paper vertical, are displayed on the top. The 
average bond lengths and bond angles reflecting the octahedron distortion are marked in a representative 
VO6 octahedron. Schematic energy-level diagram of V 3d orbital splitting due to the tetragonal crystal field 
is sketched at the bottom. The red arrows refer to the electron occupation of a V d
1
 system.   
 
Equivalent to Sr
2+
 in β-Sr0.17V2O5, the Na
+
 cation in β-Na0.33V2O5 donates ~ 0.17 
electrons per vanadium cation. Recent NMR,[145, 146] ESR,[147] and optical[120] 
studies reported that, instead of being distributed evenly on all vanadium sites, these 3d 
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electrons preferentially occupy V1 sites in both compounds. In the thesis study here, a 
representative VO6 octahedron averaging over all three octahedra are taken into account 
in order to discuss more generally the enhancement of the VO6 distortion; however, 
similar arguments hold for a single V1O6 octahedron. 
 
Average bond length and 
bond angle 
β-
Na0.33V2O5[29] 
β-
Sr0.33V2O5[148] 
β-Sr0.17V2O5[118, 
148] 
<V-O> (Å) 1.951 1.950 1.943 
<(V-Oap)long-(V-Oap)short> 
(Å) 
0.883 0.764 0.767 
<α>small (°) 76.9 78.7 78.7 
<α>large (°) 103.3 101.7 101.6 
Table 5.1. Average bond lengths (Å) and bond angles (°) revealing the strength of the crystal field 
distortion of VO6 octahedra for β-Na0.33V2O5, β-Sr0.33V2O5, and β-Sr0.17V2O5. <(V-Oap)long-(V-Oap)short> 
refers to the average difference between long and short V-Oapical bond lengths. <α>small and <α>large 
represent the average small and large Oapical-V-Obasal bond angles. 
 
The VO6 octahedron distortion is here characterized by the average difference between 
the long and short V-Oapical bond lengths (<V-Oap>long-<V-Oap>short) and the average small 
and large Oapical-V-Obasal bond angles (<α>small, <α>large), as shown in figure 5.8. Their 
corresponding values for β-Na0.33V2O5, β-Sr0.33V2O5, and β-Sr0.17V2O5 are presented in 
table 5.1, alongside the average V-O bond lengths. All the V-O bond lengths and the O-
V-O bond angles were averaged over all three octahedra, V1O6, V2O6, and V3O6. The 
unit-cell structural parameters of β-Na0.33V2O5 and β-Sr0.33V2O5 were taken from 
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references [29] and[148], respectively. For β-Sr0.17V2O5, the lattice constants were taken 
from reference [118] and the internal atomic positions of β-Sr0.33V2O5 were adopted as an 
approximation. 
A direct comparison of average bond lengths and bond angles between different 
compounds leads to the conclusion that the mean distortion of VO6 octahedra is much 
larger in β-Na0.33V2O5 and very similar between β-Sr0.33V2O5 and β-Sr0.17V2O5. First of 
all, the difference between the long and short <V-Oap> of β-Na0.33V2O5 is significantly 
larger than those of β-Sr0.33V2O5 and β-Sr0.17V2O5 by ~ 0.12 Å (~ 15 %), indicating that 
the compression of short V-Oapical bonds and the elongation of long V-Oapical bonds are 
greatly enhanced in β-Na0.33V2O5. It is noteworthy to mention that the <V-O> bond 
lengths are similar for all three compounds, meaning that the VO6 octahedra are 
approximately in the same size and the V 3d-O 2p hybridization is roughly equivalent for 
different compounds. Moreover, the small or large <α>, which defines the extent of 
basal-plane oxygen anions being either attracted or repelled out of plane by apical oxygen 
anions, is significantly exaggerated by almost 2° in β-Na0.33V2O5 than in β-Sr0.33V2O5 and 
β-Sr0.17V2O5. In summary, the VO6 octahedra of β-AxV2O5 become substantially more 
distorted with the A-site cation varied from Sr
2+
 to Na
+
, as demonstrated by the evolution 
of average bond lengths and bond angles.   
With respect to β-Sr0.17V2O5, the greater distortion of VO6 octahedra in β-Na0.33V2O5 is 
responsible for the larger V 3d crystal-field splitting of β-Na0.33V2O5, as revealed by the 
experiments. The larger energy separation between V
5+
 species in the V L3-edge XAS of 
β-Na0.33V2O5 (~ 3.0 eV) than that of β-Sr0.17V2O5 (~ 2.4 eV)[129] suggests the larger 
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crystal-field splitting 10Dq (> 2.1 eV) in β-Na0.33V2O5, which pushes the weighted 
centers of t2g and eg orbitals further away. For β-AxV2O5, the energy location of dd
*
 
transitions in the V L3-edge RIXS directly measures the energy separation of t2g orbitals 
between the split dxy level and two nearly degenerate dyz, zx levels, i.e. 3Ds-5Dt. This 
energy splitting is found to be much larger for β-Na0.33V2O5 (~ -1.6 eV) than β-Sr0.17V2O5 
(~ -1.1 eV), in agreement with the larger VO6 distortion in β-Na0.33V2O5 than β-
Sr0.17V2O5, which pulls the dxy level and dyz, zx levels further apart. 
 
5.7 Conclusion 
In conclusion, a comprehensive x-ray spectroscopic study of the quasi-one-dimensional 
electronic structure of polycrystalline β-Na0.33V2O5 films have been carried out. The VB 
structures and the core levels of sol-gel V2O5 and β-Na0.33V2O5 films have been well 
characterized by HAXPES. Additionally, the weakly-occupied dxy orbital of β-Na0.33V2O5 
is found at a binding energy of ~ -0.9 eV and displays a Gaussian-like line shape in 
HAXPES. The measured O 2p PDOS of the CB by the polarization-dependent XAS at 
the O K-edge displays strong orbital anisotropy, consistent with the preferential 
orientation existing in these sol-gel derived films, and is well predicted by the DFT 
calculations. The O K-edge XAS and XES spectra of β-Na0.33V2O5 are very alike those of 
β-Sr0.17V2O5, in agreement with the very similar mean <V-O> bond lengths of these two 
compounds. The energy separation between t2g
*
 and eg
*
 states in the O K-edge XAS 
spectrum gives a measured energy splitting of at least ~ -1.8 eV for O 2p hybridized 
orbitals in the β-Na0.33V2O5 film, in good agreement with β-Sr0.17V2O5. Both the O K-
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edge RXES spectra and the theoretical results of β-Na0.33V2O5 demonstrate that the O 2p 
PDOS of the VB is comprised of the main peak near the upper bound due to non-bonding 
states and the notable shoulders owing to π hybridization and σ hybridization states 
towards the lower energy range. The XAS and RIXS spectra at the V L-edge suggest a 
stronger crystal field applied on the V 3d orbitals by the surrounding oxygen ligands in β-
Na0.33V2O5 than that in β-Sr0.17V2O5, which has been interpreted as the increased 
distortion of the VO6 octahedra with the A-site cation varied from Sr
2+
 to Na
+
. In 
particular, the larger energy separation between the V
5+
 features in the V L3-edge XAS 
spectra suggests a larger V 3d crystal-field splitting in β-Na0.33V2O5 than was reported in 
β-Sr0.17V2O5. The energy location of the local crystal-field dd
*
 excitation at ~ -1.6±0.1 eV 
indicates that the t2g orbital splitting in β-Na0.33V2O5 is very close to that of α’-NaV2O5 
and much larger than that of β-Sr0.17V2O5. While β-Na0.33V2O5 and β-Sr0.17V2O5 are often 
considered isoelectronic and quasi-isostructural, these results presented in this thesis 
study show the non-trivial effects of the differently sized cations on the electronic 
structure of β-AxV2O5. 
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Chapter 6 Effects of rare-earth size on the electronic structure of La1-
xLuxVO3 studied by soft x-ray spectroscopies and density functional 
theory 
 
6.1  Introduction to the parent and R-site substituted RVO3 compounds 
The transition-metal oxides RMO3 (R = rare-earth or yttrium, M = transition metal) with 
the perovskite-type structure constitute one of the key members of strongly correlated 
electron systems, and exhibit a complex interplay between spin, charge, orbital, and 
lattice degrees of freedom. Electronically, the M 3d orbitals of RMO3 are split into near-
degenerate t2g (threefold) and eg (twofold) levels due to the tetragonal (D4h) crystal field 
of the MO6 octahedron. In contrast to the strong Jahn-Teller (JT) coupling in the 
manganites, RMnO3, with  active eg electrons, the orbital-lattice interaction is much 
weaker and is comparable to the spin-spin interaction in t2g-active vanadates, RVO3.[18, 
19] Consequently, unlike RMnO3, the spin ordering (SO) and the orbital ordering (OO) 
take place at similar temperatures and the interplay between the different degrees of 
freedom becomes more subtle in RVO3.[18, 19]   
Governed by Hund's rule, the V
3+
 t2g orbitals of RVO3 are occupied by two electrons with 
one in the dxy level and the other in either dyz or dzx level. This two-fold occupation of the 
three-fold t2g orbitals gives rise to two possible types of orbital-ordered and spin-ordered 
states, and the particular ground state that is favored depends on the R-site cation. Each 
type of OO is related to a particular V 3d-O 2p bonding pattern owing to the JT 
distortion, which leads to short and long V-O distances.[149, 150] In particular, for the 
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G-type OO, the dxydyz and dxydzx orbitals are alternately occupied on adjacent vanadium 
sites along all three crystal axes, with the V-O distances arranged "out of phase" between 
consecutive ab planes.[149, 150] Whereas, for C-type OO, the electron configurations are 
alternate dxy
1
dyz
1
/dxy
1
dzx
1
 in the ab plane and identical along the c axis, with an "in phase" 
arrangement of the V-O distances in successive ab planes.[149, 150]  
Interestingly, the classic Mott insulators RVO3 offer a fascinating phase diagram as a 
function of temperature, R-site ionic size, and R-site substitution.[18-21] Below TOO1 ~ 
200 K, RVO3 exhibits a transition to an orbital-ordered state with G-type occupation, 
concomitantly with a structural phase transition. For CeVO3 and LaVO3 with a larger R 
cation, this structural transition occurs just below the antiferromagnetic (AFM) transition, 
TSO1 ~ 100 K. For the smaller rare-earth ions (R = Lu-Dy), an additional transition takes 
place at TSO2 = TOO2 ~ 80 K, in which the OO switches to C-type configuration. When 
partially substituted with other rare-earth members in the parent RVO3 compound, for 
instance Y1-xLaxVO3,[21] Y1-x(La0.2337Lu0.7663)xVO3,[21] and Eu1-x(La0.254Y0.746)VO3,[20] 
the size mismatch of R-site cations induces a structural disorder. With the increase of the 
substitution content x, the size variance (SV), defined as <ri
2
>-<ri>
2
 (ri is the R-site ionic 
radius), linearly increases. Coincidently, TOO1 and TSO1 are steadily decreased and the 
transitions accompanied by G-OO vanish above a critical x content, while TSO2 = TOO2 of 
the transition with the formation of C-OO is progressively enhanced. Finally, this spin-
orbital phase diagram of RVO3 was reported to evolve with hydrostatic pressure[151] and 
hole doping[152] as well. 
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Figure 6.1. A unit cell (black line) of the orthorhombic (Pbnm) crystal structure of RVO3 (LaVO3). Purple 
and red solid balls represent oxygen anions, blue solid balls describe vanadium cations, and green solid 
balls represent R-site cations. 
 
At room temperature, the perovskite-type RVO3 resides in an orthorhombic crystal 
structure (space group Pbnm, No. 62) with unit-cell parameters of a ≈ b ≈   a0, c ≈ 2a0, 
where a0 ≈ 3.8 Å is the lattice constant of an ideal cubic perovskite.[16] Figure 6.1 shows 
an unit cell of the orthorhombic (Pbnm) crystal structure of LaVO3 as a representative 
member of RVO3. The lattice structure of RVO3 is composed of a framework of corner-
sharing VO6 octahedra with R-sites located in the center of a cavity surrounded by 
neighboring octahedra. These VO6 octahedra are highly distorted, rotated, and tilted with 
respect to each other in order to relieve the structural stress. The crystal structure of 
RVO3 was found to evolve with R-site cation by Neutron powder diffraction (NPD) 
study.[153] With the decrease of R-site ionic size from La to Lu, the unit-cell volume 
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progressively shrinks.[153] Meanwhile, the distortion of the VO6 octahedra, 
characterized by the tilting angle (φ = (180°-<V-O-V>)/2), is gradually exaggerated.[16]  
Among a few spectroscopic techniques, which have been employed to study the orbital 
ordering of RVO3, RIXS presents unique advantages, especially in detecting related low-
energy excitations. X-ray diffraction measures the orbital reflections owing to the 
structural change in the orbital-ordered phase. As an example, x-ray diffraction studies, 
together with resonant x-ray scattering measurements, have confirmed the existence of 
two types of orbital-ordered states in YVO3 at low temperatures.[149, 154] Optical 
spectroscopy detects the inter-site dd
*
 excitations across two adjacent V-sites (dimer-type 
excitations), whereas RIXS probes the intra-site dd
*
 transitions within single V-site (on-
site excitations) and directly measures the V 3d orbital splitting of a single VO6 
octahedron. For example, the optical strength of the inter-site dd
*
 excitations of YVO3 
was found to display strong dependence with temperature upon cooling down across 
phase transitions, in agreement with the formation of orbital ordering.[155] A 
comprehensive study of the intra-site dd
*
 transitions of NdVO3 has recently been 
performed by V L3-edge RIXS measurements and the crystal-field multiplet (CFM) 
calculation.[54, 156] In addition to crystal-field excitations, the delocalized orbital 
excitation due to an exchange of orbitals between adjacent V-sites is also detectable in 
both optical spectroscopy and RIXS, e.g. a two-orbiton excitation at ~ 0.4 eV observed in 
YVO3 and HoVO3.[157, 158]  
Although the electronic structures of individual parent RVO3 compounds have been 
extensively studied both experimentally[156, 159, 160] and theoretically,[161, 162] a 
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direct comparison across a series of similar RVO3 compounds with various R-site ionic 
radii and substitutions remains primarily unexplored yet. In order to investigate the 
effects of R-site ionic size on the electronic structure of RVO3, a soft x-ray spectroscopic 
study of Lu1-xLaxVO3 single-crystals at both room temperature and low temperature (~ 
100 K) is carried out in this thesis study. Mixed La1-xLuxVO3 (x = 0, 0.2, 0.6, and 1) 
compounds are selected to approach both the largest and smallest rare-earth ionic radii, as 
well as covering the range of medium rare-earth ionic size. In addition, the R-site 
substitution of the doped La1-xLuxVO3 compounds introduces a substantial R-site size 
variance. 
 
6.2 Experiment and computation 
The soft x-ray measurements were performed at the AXIS and SXF endstations of 
Beamlines 7.0.1 and 8.0.1 of the Advanced Light Source, Lawrence Berkeley National 
Laboratory. La1-xLuxVO3 single-crystals were cleaved in air to expose fresh surfaces, and 
then immediately loaded into the experimental chamber with an ultra high vacuum 
pressure of < 1  10-9 Torr. The XAS spectra were recorded in both TEY and TFY 
detection modes with an incident photon energy resolution of ~ 0.20 eV at the O K-edge. 
The XES spectra were collected with an emission spectrometer resolution of ~ 0.37 eV 
for Beamline 7.0.1 and ~ 0.28 eV for Beamline 8.0.1 at the O K-edge. The XAS photon 
energy scale was calibrated using the O K-edge and Ti L-edge absorption peaks of rutile 
TiO2.[163] The XES spectrometer energy scale was calibrated using metal Zn L-shell 
emission lines in 2nd order.[54]  
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The electronic structures of LaVO3 and LuVO3 were calculated within the local spin 
density approximation [L(S)DA], including the static Coulomb repulsion parameter, U, 
self-consistently (LSDA+U), using the all-electron full-potential linearized augmented 
plane wave method implemented by the Elk code.[164] The well-known problems 
associated with describing localized rare-earth 4f electrons within the LDA were 
circumvented by applying U = 6.8 eV to the R 4f shell,[165] corresponding to fully 
unoccupied and fully occupied 4f states for LaVO3 and LuVO3 respectively. The 
localized V 3d states were treated using U = 3.4 eV and J = 0.85 eV,[155] with a 
ferromagnetic spin structure. Although the system is paramagnetic at room temperature, a 
magnetic solution is necessary to obtain the correct local 3d electronic structure.[143] 
Secondly, the local partial densities of states are relatively insensitive to the long-range 
magnetic structure, showing only weak differences between ferromagnetic and 
antiferromagnetic structures. Convergence was achieved on 64 k-points in the 
orthorhombic (1/8
th
) irreducible Brillouin zone using the room temperature lattice 
parameters given by reference [16], and with a cutoff for plane waves in the interstitial 
region of kmax = 7.5/Rmin, where Rmin is the O muffin-tin radius. Muffin-tin radii of 2.2 
atomic units (a.u.), 2.0 a.u. and 1.6 a.u. were used for R, V and O respectively. Equivalent 
calculations were also performed replacing La and Lu with Y in the same LaVO3 and 
LuVO3 crystal structures (and denoted YLaVO3 and YLuVO3), to check whether the origin 
of any differences were due to the crystal structure (bond lengths and angles etc.) or to 
the specific choice of rare earth (e.g. d electron energies). 
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6.3  XAS study of La1-xLuxVO3 compounds varied with R size and temperature 
 
 
Figure 6.2. The normalized V L3,2-edge XAS (TFY) spectra of La1-xLuxVO3 (x = 0, 0.2, and 1) compounds 
recorded at room temperature. The photon energies of the L3-edge XAS absorption threshold A and spectral 
features B-F are indicated by vertical dotted lines. 
 
Figure 6.2 presents the normalized (to the maximum intensity) XAS spectra at the V L3,2-
edge of several La1-xLuxVO3 compounds recorded in the TFY mode at room temperature. 
The V L3,2-edge XAS spectra exhibit a typical structure containing two main absorption 
peaks, located at ∼ 517 eV (L3 edge) and ∼ 524 eV (L2 edge), due to transitions from the 
spin-orbit split 2p3/2 and 2p1/2 core levels, respectively, to unoccupied V 3d orbitals. 
These spectra resemble previous XAS measurements of other RVO3 compounds, and 
agree well with atomic multiplet calculations of the d
2
 V
3+
 ion.[156, 160]  The L3-edge 
spectra are comprised of two pre-edge features B (~ 513.6 eV) and C (~ 515.2 eV) of t2g
*
 
character and a main absorption peak E (~ 517.4 eV) with eg
*
 character.[156] Overall, the 
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spectra are very similar for different R cations, reflecting the similarity of the V local 
environment and V 3d electronic structure through the series. However, there are some 
weak, discernible changes with R. Particularly, with the decrease of R-site ionic radius 
from La to Lu, the spectral width of the L3-edge is slightly narrowed and the relative 
strength of the L2-edge is slightly suppressed.   
Figure 6.3a displays the normalized XAS (TFY) spectra at the O K-edge of La1-xLuxVO3 
compounds collected at room temperature. The energies of some of the prominent 
spectral features are indicated by (a-h) for LaVO3. For comparison, the spin-averaged O 
2p PDOS of LaVO3 and LuVO3 from the LSDA+U calculations are shown in figure 6.3b, 
after convolution with a Lorentzian of 0.22 eV half-width at half-maximum (HWHM) to 
approximate the lifetime broadening of the O 1s core hole and a Gaussian of 0.20 eV full-
width at half-maximum (FWHM) to account for the instrument resolution function.[94]  
Reasonable agreement is obtained between the experimental XAS spectra at the O K-
edge and the theoretical O 2p PDOS calculated from the LSDA+U. At low energies (≤ 8 
eV), the CB is dominated by V 3d and R 5d states, which are well predicted by the 
LSDA+U. Feature a (~ 530.4 eV) is attributed to excitations into unoccupied t2g↑ states, 
and b (~ 531.3 eV) to V t2g↓ states, whereas c (533.5 eV) originates from O 2p-V eg 
hybridized states. The t2g↑ and t2g↓ states appear very close in energy in the LSDA+U 
calculation, but are found to be more separated in the XAS spectra. Consistent with the 
LSDA+U calculation and the measurements at the V L-edge, these features do not evolve 
significantly with x, reinforcing the similarity in V local environment across the series. 
Note that the apparent slightly upward shift in the energy of feature c for LuVO3 in the 
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LSDA+U calculation (Figure 6.3b) is mostly due to additional contributions from R 5d 
Figure 6.3. (a) The normalized O K-edge XAS (TFY) spectra of La1-xLuxVO3 (x = 0, 0.2, 0.6, and 1) 
compounds collected at room temperature are displayed on both a calibrated photon energy scale (bottom 
axis) and an approximate binding energy scale (top axis). The photon energies of XAS spectral features (a-
h) of LaVO3 are marked by vertical dotted lines. (b) The theoretical O 2p PDOS of the CB is compared 
between LaVO3 (black solid line) and LuVO3 (light grey solid line). 
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states at higher energies. This additional contribution from La 5d states, which appear at a 
lower energy than the Lu 5d states, also accounts for the stronger relative intensity of 
feature c in LaVO3. Features d (~ 535.0 eV for LaVO3) and e (~ 536.8 eV for LaVO3), 
located at the absorption peak, mainly arise from O 2p-R 5d hybridization, in agreement 
with previous studies of LaVO3 and YVO3.[159, 160, 166] The energies of these features 
and their evolution with R are reproduced well by the LSDA+U. Lastly, at higher 
energies, features f-h mainly arise from V 4sp hybridization with O 2p states, consistent 
with YVO3,[160] as well as other vanadium oxides.[125, 143, 167] It is noteworthy that 
these states are not captured well by the theoretical PDOS, although the accuracy of any 
linearized DFT method must be questioned at such high energies above EF. 
 
 
Figure 6.4. The normalized V L3,2-edge and O K-edge XAS spectra of LaVO3 recorded at both ~ 300 K 
(black lines) and ~ 90 K (grey lines). The XAS spectra were measured in both TEY (with offset) and TFY 
(without offset) modes. 
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Turning to the temperature dependence of the XAS, LaVO3 is investigated as a 
representative case. Figure 6.4 presents the normalized (to the maximum intensity) V 
L3,2-edge and O K-edge XAS spectra of LaVO3 measured at both room temperature and 
low temperature (~ 90 K). Both the TEY and TFY spectra at two XAS edges are recorded 
in order to probe the surface and bulk absorption signals from the sample, respectively. 
The V L3,2-edge XAS spectra are absent of surface contamination signals owing to V
4+
 
and V
5+
 oxidization states[168] (usually located at ~ 2 eV above the V
3+
 main absorption 
peak), which suggests a clean sample surface during the measurements. 
Upon cooling down to ~ 90 K (antiferromagnetic C-SO phase), the spectral width of the 
V L3-edge appears slightly narrowed and the branching ratio,              , becomes 
notably larger. Such temperature-dependent XAS measurements are very sensitive to the 
quality of the sample surface and vacuum, since at cryogenic temperatures the sample can 
act as a cold trap in a poor vacuum. Here, every effort has been made to minimize 
extrinsic effects. The absence of surface contaminant species in both V L- and O K-edges 
at both temperatures, and the similarity between surface- (TEY) and bulk-sensitive (TFY) 
probes, support an intrinsic origin for this evolution. Whilst the weak narrowing of the L3 
edge has been attributed to the small change in the local V crystal-field at low 
temperature, the evolution in the branching ratio is in contrast to similar measurements of 
NdVO3 at ~ 100 K,[156] and is not expected from the weak evolution in crystal-field 
splitting.[169] Similar enhancements to the branching ratio have previously been 
observed in magnetic systems using both XAS and electron energy-loss 
spectroscopy,[170-172] and have been associated with the evolution in the magnitude of 
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the local magnetic moment.[169] Tentatively, the increase in the branching ratio 
observed here for LaVO3 is suggested to reflect the increase in the mean magnitude of the 
local moment that develops in the low-temperature antiferromagnetic phase. Future 
measurements will be made to firmly establish the detailed behavior of the branching 
ratio across the transitions of several RVO3 members. 
At the O K-edge XAS, displayed in the right panel of figure 6.4, the relative intensity of 
feature c (V eg) is suppressed at 90 K, whereas that of feature a (V t2g↑) is somewhat 
enhanced. According to the XRD and NPD study of LaVO3 by Bordet et al.,[173] the 
average <V-O> bond length of LaVO3 doesn't significantly change, although the unit-cell 
volume of LaVO3 progressively shrinks by ~ 1.8 Å
3
 (almost 1%) upon cooling down to 
100 K. Therefore, the intensity variation of the unoccupied O 2p-V 3d states with 
temperature is possibly related to the phase transition from orthorhombic structure 
(Pbnm) to monoclinic structure (P21/a), which occurs at ~ 143 K for LaVO3.[174]   
The energy positions of the O K-edge XAS spectral features d and e shift towards higher 
photon energy by ~ 0.3 eV upon cooling down to ~ 90 K, which resembles the energy 
increase of O 2p-R 5d hybridization with the decrease of R-site ionic size. Moreover, the 
spectral weight is transferred from feature c towards feature e as the former drops down 
and the latter rises up in XAS intensity at ~ 90 K, consistent with the evolution of spectral 
intensity with R-site ionic radius. According to the XRD and NPD study of LaVO3,[175] 
the average <La-O> bond length is contracted by ~ 0.01 Å (almost 3.5%) at 100 K 
compared to that at 300 K. Consequently, such a contraction of <R-O> bond length upon 
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cooling down may lead to the upward energy shift of O 2p-R 5d hybridization and the 
subsequent transfer of spectral weight toward higher energy. 
 
6.4 XES study of La1-xLuxVO3 compounds varied with R size and temperature 
Figure 6.5a shows the normalized above-threshold (hν = 550 eV) XES spectra at the O K-
edge of La1-xLuxVO3, recorded at both room temperature and low temperature (~ 95 K). 
These spectra exhibit a strong dependence on x, even at room temperature where all 
samples are unambiguously in the same phase. A narrow, multiply peaked structure in 
LaVO3 develops into a broader spectrum in LuVO3, with a smooth evolution for the 
intermediate compounds. For comparison, the O 2p PDOS of LaVO3 and LuVO3 from 
the LSDA+U calculations are presented in figure 6.5b, after convolution with a 
Lorentzian (HWHM = 0.22 eV) and a Gaussian (FWHM = 0.37 eV). 
The main emission peak k, centered at ~ 526.3 eV, originates from non-bonding O 2p 
states, and features i (~ 522.9 eV) and j (~ 524.2 eV) arise from hybridized O 2p-V 3d 
bonding states. Additionally, feature m (529.5 eV) is attributed to the weak mixing of the 
O 2p states with the V 3d states (lower Hubbard band, LHB), which are predicted at ~ -
0.7 eV from the LSDA+U calculation. These states have been observed directly at ~ -1.5 
eV in LaVO3 and YVO3 by cluster calculations[159] and photoemission 
measurements.[160, 166] Note that this allocation of the O 2p states is in good agreement 
with previous theoretical studies of LaVO3 and YVO3.[159, 161] Finally, at ~ 2 eV above 
the main emission peak, feature l occurs at an energy that does not correspond to any 
feature in the theoretical PDOS, and is quite prominent for the LaVO3 compound. For the 
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metallic d
1
 SrxCa1−xVO3 compounds, this feature has been interpreted as a remnant of the 
Figure 6.5. (a) The normalized above-threshold (hν = 550 eV) O K-edge XES spectra of La1-xLuxVO3 (x = 
0, 0.2, 0.6, and 1) collected at both ~ 300 K (black solid lines) and ~ 95 K (grey solid lines). The photon 
energies of the O K-edge XES spectral features i-m are indicated by dotted lines. (b) Theoretical LSDA+U 
O 2p PDOS of LaVO3 (black solid line) and LuVO3 (light grey solid line). 
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incoherent LHB feature,[77] however such an assignment is clearly not appropriate here 
(in these insulating d
2
 compounds, the LHB is unambiguously located 1-2 eV higher in 
energy, at feature m). Instead, this peak is associated with a bound state of the O 2p hole 
which is coupled to the local V d
2
 (S = 1) spin. A detailed investigation of this effect, 
including its origin, is beyond the scope of the current study, and will be presented 
elsewhere.[176]  
Focusing first on the room temperature spectra, the O K-edge XES spectra display a 
strong dependence on the R-site cation. Overall, the spectral width gradually broadens 
from LaVO3 to LuVO3, particularly feature j, and the line shape of the main emission 
peak k becomes more asymmetric. These aspects can be understood from the PDOS, 
which illustrates the broadening of the bonding O 2p states and indeed the entire O 2p 
bandwidth in LuVO3 compared to LaVO3. In fact, the corresponding calculations of 
YVO3 in both LaVO3 and LuVO3 crystal structures (YLaVO3 and YLuVO3, respectively) 
show the same trend (see figure 6.3b), indicating this evolution arises from the increased 
V-O hybridization in LaVO3 due to the crystal structure, rather than the specific choice of 
rare earth. Finally, feature m remains almost unchanged with R-site cation, suggesting the 
V 3d LHB is relatively constant across the series, in agreement with the photoemission 
results.[177]  
Turning to the temperature dependence, for the pure compounds, features i and j become 
greatly enhanced at low temperature, whereas features l and m are substantially 
suppressed. Meanwhile, with the transfer of spectral weight from higher energy side to 
lower energy side, the main emission peak k appears slightly broadened at ~ 95 K. In 
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contrast to this prominent temperature-dependence of the pure compounds, the XES 
spectra of the mixed compounds are less dependent with temperature. Similar to the 
XAS, the XES spectral variation with temperature is possibly due to the structural phase 
transition upon cooling down. At room temperature, all compounds are unquestionably in 
the same phase with orthorhombic (Pbnm) structure. Upon cooling down to ~ 95 K, the 
pure compounds are switched to the G-type OO phase and their crystal structure is 
monoclinic (P21/a) according to previous studies of LaVO3[75, 76] and LuVO3.[19] 
Whereas, for the mixture compounds, the crystal structure is most likely to be 
orthorhombic (Pbnm) with the suppression of G-type OO and the formation of C-type 
OO at ~ 95 K, according to the magnetization and heat-capacity measurements in Chapter 
3. Since the lattice structure of the pure La1-xLuxVO3 compounds at ~ 95 K is more 
different than the room-temperature structure, with respect to the mixed compounds, the 
temperature-dependence of the XES spectra is unsurprisingly more pronounced in the 
pure compounds and weaker in the mixed compounds. 
 
6.5  RIXS study of La1-xLuxVO3 compounds varied with R size and temperature 
To begin with, a brief overview of RIXS features, in particular crystal-field excitations, is 
presented here. Only LaVO3 is shown as a representative compound, but similar 
measurements have been performed on all samples. Figure 6.6 displays the normalized V 
L3-edge RIXS spectra of LaVO3 measured at room temperature. The excitation energies 
were varied across the V L3-edge absorption peak and selected to be resonant with XAS 
spectral features. In figure 6.6a, the strong and sharp peak located at high emission 
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energy originates from the elastic scattering of the incident x-rays, which coincides with 
the incident photon energy. The broad spectral feature centered at ~ 507 eV arises from V 
3d-O 2p hybridization. All RIXS spectra presented here have been normalized to the low-
energy side of this V 3d-O 2p hybridized feature to facilitate comparison between spectra 
recorded at different energies, compounds and instruments. The RIXS spectrum excited 
above the V L3-edge absorption peak (hν = 520.8 eV) identifies pure V 3d states and 
weak V 3d-O 2p fluorescence due to L2-edge emission, which are located at ~ 513 eV of 
Figure 6.6. The normalized V L3-edge RIXS spectra of LaVO3 measured at room temperature (a) on an 
emission energy scale and (b) on a loss energy scale. In (a), the corresponding XAS (TFY) spectrum (grey 
open circles) is displayed alongside and the RIXS excitation energies are marked with black triangles on 
the XAS spectrum. The occupied V 3d states and their hybridization with O 2p states are highlighted with 
dotted boxes on the RIXS spectra in (a). In (b), the raw data (grey solid lines) are shown together with the 
results of the MaxEnt procedure (black solid lines). The energy locations of dd
*
 transitions are indicated by 
vertical short dash lines. 
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emission energy. In figure 6.6b, those spectral features, which stay at constant energy 
between ~ -4 and ~ -1 eV on the loss energy scale, represent crystal-field dd
*
 excitations. 
As shown in figure 6.6b, five major groups of crystal-field excitations, located at ~ -1.0 
eV (dd
*
1), ~ -1.8 eV (dd
*
2), ~ -2.4 eV (dd
*
3), ~ -2.8 eV (dd
*
4), and ~ -3.8 eV (dd
*
5) in loss 
energy, are discernible in the raw data and become clearer after being treated with 
MaxEnt procedure.[178] Although the transition dd
*
3 is nearly buried underneath the 
broad structure of neighboring transitions, the existence of this feature is suggested by the 
CFM model of RVO3, for example the recent RIXS study of NdVO3 by Laverock et 
al.[156] The intensity variation of crystal-field excitations with incident photon energy 
(see figure 6.6b) indicates that transitions dd
*
1 and dd
*
3 are predominantly resonant with 
t2g character states  (513.6-515.2 eV) and that transitions dd
*
2 and dd
*
4 are both t2g and eg 
resonances (515.2-517.4 eV). Very alike dd
*
 transition features and similar resonance 
behaviors with excitation energy are found to apply to other La1-xLuxVO3 compounds and 
low temperature measurements.   
Furthermore, the energy location and the energy splitting of crystal-field excitations of 
La1-xLuxVO3 compounds are investigated by high-resolution RIXS measurements. Figure 
6.7 shows the normalized V L3-edge RIXS spectra of La0.4Lu0.6VO3 collected at both 
room temperature and low temperature (95 K). The excitation energies are arbitrarily 
allocated at the V L3-edge absorption spectra in order to vary the resonance of dd
*
 
transitions. It is noteworthy to point out that the energy positions of dd
*
 transitions are 
only determined by the intrinsic crystal field and don't change with the experimental 
parameters, such as, excitation energy, spectrometer resolution, etc.   
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Figure 6.7.  The normalized V L3-edge RIXS spectra of La0.4Lu0.6VO3 recorded (a) at 300 K (black solid 
lines) and (b) at 95 K (grey solid lines) are displayed on a loss energy scale. The incident photon energies 
are varied across the V L3-edge absorption spectra. The energy locations and splitting of dd
*
 excitations are 
indicated by vertical bars, whose widths are in proportion to the spectral widths. 
Those five groups of crystal-field excitations, dd
*
1-dd
*
5, observed in the previous RIXS 
data of LaVO3, are much better resolved here in the high-resolution spectra of 
La0.4Lu0.6VO3. The energy locations of these dd
*
 transitions are determined to be -(1.0-
1.2) eV (dd
*
1), -(1.8-2.0) eV (dd
*
2), -2.4 eV (dd
*
3), -(2.8-3.1) eV (dd
*
4), and -3.9 eV 
(dd
*
5), respectively, for La0.4Lu0.6VO3. For the group of dd
*
2 transitions, an energy 
splitting of ~ 0.2 eV is clearly observed in the high-resolution data. The electron 
configurations and symmetry states of crystal-field transitions of RVO3 have been 
assigned by means of the CFM model (see reference [156]). The group of transitions dd
*
1 
originate from singlet t2g excitations of 
1
T2 and 
1
E symmetries. The doubly split 
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transitions dd
*
2, owing to the tetragonal (D4h) crystal field, come from the triple t2g eg 
excitation of 
3
T2 symmetry. Transition dd
*
3 is attributed to the singlet t2g excitation of 
1
A1 
symmetry. Lastly, the broad group of transitions dd
*
4 are contributed by t2g eg 
configurations of 
3
T1, 
1
T2, and 
1
T1 symmetries.   
Finally, in order to investigate the dependence of crystal-field excitations with R size and 
temperature, a comparative study of high-resolution RIXS is carried out across the series 
of La1-xLuxVO3 compounds and at different temperatures. During the measurements, the 
incident photon energy and the spectrometer resolution were kept fixed and the 
experimental geometry remained unchanged. Figure 6.8 presents the normalized (to the V 
3d-O 2p hybridization) V L3-edge RIXS spectra of La1-xLuxVO3 compounds recorded at 
both room temperature and low temperature (~ 95 K) and with the excitation energies of 
516.4 eV (both t2g and eg resonance) and 517.3 eV (mainly eg resonance).   
Impressively, the RIXS spectral strength of La1-xLuxVO3 displays pronounced 
temperature-dependence. Most crystal-field excitations, together with elastic peaks, are 
significantly enhanced at ~ 95 K compared to those at ~ 300 K, as demonstrated in figure 
6.8. This large increase in RIXS intensity at low temperature is attributed to the greatly 
increased distortion of VO6 octahedra in the OO phase. Due to the formation of the 
collective JT distortion, the strong anisotropy in V-O bond lengths is developed as the 
long bond-length is further elongated and the short bond-length is further compressed. 
Experimentally, the strongly anisotropic V-O bond lengths of RVO3 as a result of JT 
distortion have been sufficiently characterized by the XRD and NPD studies.[149, 150, 
173, 175] For example, upon cooling down from ~ 300 K to ~ 100 K, the Δd parameter of 
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LaVO3, defined as 
 
 
               
  
   , where d is the V-O bond length, is 
significantly increased from 0.004210-4 to 2.30310-4.35 Similarly, the difference 
between the longest and the shortest V-O bond lengths (in the average of ~ 2.0 Å) of 
YVO3 was found to expand to ~ 0.06 Å below 200 K.[149]   
 
 
Figure 6.8. The normalized V L3-edge RIXS spectra of La1-xLuxVO3 (x = 0, 0.2, and 1) compounds 
measured at both 300 K (black solid lines) and 95 K (grey solid lines) with the excitation energy of (a) 
516.4 eV and (b) 517.3 eV, respectively, are plotted on loss energy scales. 
The spectral line shape of dd
*
 transitions is further determined from the RIXS spectra 
through multi-peak fitting with Gaussian function and the fitting results are shown in 
figure 6.9. At room temperature, the dd
*
 energy displays an approximately linear 
relationship with R-site ionic size, as demonstrated in figure 6.9a. With the decrease of 
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the average rare-earth size (from La to Lu), the energies of transitions dd
*
1, dd
*
2, and dd
*
4 
Figure 6.9. (a) The energy positions of dd
*
 transitions at 300 K, determined from the RIXS spectra (shown 
in figure 6.8) through multi-peak fitting with Gaussian function, are displayed as a function of R-site ionic 
radius. The energy locations of transitions dd1
*
, dd2
*
, dd4
*
, and dd5
*
 are represented by black filled 
downward triangles, upward triangles, circles, and squares, respectively, along with their fitting error bars. 
The R
3+
-site size-dependence of  dd
*
 energy is indicated by linear fit. (b) The normalized V L3-edge RIXS 
spectra of La1-xLuxVO3 (x = 0, 0.2, and 0.6) compounds recorded at 300 K and with an excitation energy of 
517.2 eV are displayed on a loss energy scale. The inset in (b) demonstrates the ratio (La1-xLuxVO3/ LaVO3) 
of the summed spectral strength of dd
*
 transitions as a function of R-site ionic radius. 
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are found to increase by ~ -0.1 eV and an energy increase of ~ -0.2 eV is observed for the 
transition dd
*
5. Since the dd
*
 energy directly reflects the energy splitting of V 3d orbitals, 
these results suggest that the V 3d orbital splitting of La1-xLuxVO3 is gradually increased 
as the rare-earth radius decreases. Here, the greater V 3d energy splitting of smaller rare-
earth compound is attributed to the larger tilting magnitude of V-O-V bond angles, which 
leads to the increased distortion of VO6 octahedron. According to the XRD and NPD 
study of pure RVO3 compounds,[16] the tilting angle φ of VO6 octahedron is 
progressively increased from 11.60° to 19.09° as the R-site cation varies from La to Lu. 
As a representative member of R-site substituted RVO3 compounds, the <V-O-V> bond 
angles of Y1-xLaxVO3[21] were found to expand linearly with the increase of average 
rare-earth radius. Therefore, it is reasonable to expect similar linear evolution of tilting 
angle φ with R-site ionic size here in the La1-xLuxVO3 compounds. Nevertheless, the 
energy locations of dd
*
 excitations are found to vary little with temperature for all La1-
xLuxVO3 compounds. This is in agreement with the very little change in the inter-site dd
*
 
band location of YVO3 upon cooling down across the phase transitions.[155]  
At room temperature, the RIXS intensity is found to be gradually enhanced with the 
decrease of R-site ionic size in this study. Owing to the arbitrary sample cleavage plane 
and subsequently different experimental geometry for different compounds and 
measurements, the strength of the RIXS spectra, particularly the elastic peak, may be 
affected, which makes it complicated to accurately measure the contribution of the rare-
earth size effect to the spectral strength of dd
*
 transitions. However, three distinctive data 
sets (BL8 data set 1, BL8 data set 2, and BL7 data set) were collected with great 
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cautiousness to statistically and qualitatively investigate the R size effect on dd
*
 
intensities. During these three measurements, the incident photon energy was 
approximately set equal to the V L3-edge main absorption peak and kept consistent in 
each measurement. Within each data set, the RIXS spectra were recorded with the same 
spectrometer resolution and roughly equivalent sample orientation to eliminate the 
experimental effects other than intrinsic sample properties. The LaVO3 samples were 
measured as references in all three cases and the RIXS spectra of other La1-xLuxVO3 
compounds were normalized to those of LaVO3. Here, two attempts have been made to 
study the rare-earth size-dependence of the total dd
*
 intensity. In figure 6.9b, the 
normalized V L3-edge RIXS spectra of several La1-xLuxVO3 compounds, which were 
recorded at room temperature when excited at 517.2 eV (corresponding to BL8 data set 
2), are directly compared. In the insert of figure 6.9b, the ratio (La1-xLuxVO3/LaVO3) of 
the summed intensity of dd
*
 transitions determined from all three data sets is plotted as a 
function of R-site ionic radius. These two results suggest that the total spectral strength of 
dd
*
 transitions is gradually increased with the decrease of R-site ionic size. This may be 
related to the progressively increased distortion of VO6 octahedra in the smaller R 
compound, which possibly enhances the electron transition probability.[16] In addition, 
the intensity of elastic peak is also observed to be much stronger in LuVO3 than in 
LaVO3 from our measurements. The enhanced elastic scattering of x-rays reflects the 
more localized electronic structure of V 3d electrons in LuVO3. A supporting 
experimental evidence is LuVO3 being one of the most insulating RVO3 compounds from 
resistivity measurements.[179] Lastly, the variation of crystal-field excitations (RIXS dd
*
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transitions) with R-site ionic radius here is in agreement with the change observed in the 
V L-edge XAS spectra, which share the same origin from the local crystal field of VO6 
octahedron. 
However, in the low-temperature OO phase, the RIXS intensities of the mixed La1-
xLuxVO3 compounds appear suppressed with respect to those of the pure compounds. As 
a demonstration of this suppression, the normalized V L3-edge RIXS spectra of all La1-
xLuxVO3 compounds, when recorded at ~ 95 K with an incident photon energy of 516.4 
eV (both t2g and eg resonance), are directly compared in figure 6.10a. Clearly, the spectral 
strength of the transition dd
*
2 (at ~ -1.9 eV) is significantly weaker in the spectra of 
La0.8Lu0.2VO3 (dark grey line) and La0.4Lu0.6VO3 (grey line), compared to those of 
LaVO3 (black line) and LuVO3 (light grey line).  The suppression in other RIXS features 
of the mixture compounds is noticeable as well.  
With respect to the pure compounds, the observed suppression in RIXS intensity of the 
mixed La1-xLuxVO3 compounds can be attributed to the suppression of G-OO and the 
stabilization of C-OO developed in these mixture compounds. This argument is supported 
by the experimental evidences of magnetization and heat-capacity of La0.8Lu0.2VO3 and 
La0.4Lu0.6VO3 (see Chapter 3). Based on these measurements, as well as the spin- and 
orbital-ordering temperatures of LaVO3[75, 76] and LuVO3[19] obtained from previous 
studies, a schematic phase diagram of the La1-xLuxVO3 system is built up and shown in 
figure 6.10b. Clearly, at ~ 95 K, when the RIXS spectra were taken, La0.4Lu0.6VO3 is 
already in the C-OO phase, whereas the two pure compounds are both still in the G-OO 
phase. For La0.8Lu0.2VO3, the suppression of G-OO is confirmed in the measurements, 
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although the formation of C-OO is somehow unclear. In contrast to the narrow and sharp 
Figure 6.10. (a) The normalized V L3-edge RIXS spectra of all La1-xLuxVO3 compounds measured at ~ 95 
K and with an excitation energy of 516.4 eV are compared on a loss energy scale. (b) Spin- and orbital-
ordering temperatures of La1-xLuxVO3, TSO1 (black filled upward triangles), TOO1 (light grey filled squares), 
TSO2=TOO2 (grey filled circles), and TSO2 only (dark grey filled downward triangles), determined from the 
magnetization and heat-capacity data, are displayed as a function of R-site ionic size, along with the 
experimental error bars.  
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transition in the heat capacity of LaVO3,[75, 76] the G-OO structure of La0.8Lu0.2VO3 
appears much weaker and broader. Moreover, the formation temperature of G-OO, TOO1, 
is lower in La0.8Lu0.2VO3 (~ 124 K) than in LaVO3 (~ 136 K). Therefore, the suppression 
of G-OO in the mixed compounds due to structural disorder may lead to smaller electron 
transition probability and most likely account for weaker RIXS intensities than in the 
pure compounds at ~ 95 K. 
 
6.6 Conclusion 
The electronic structures of La1-xLuxVO3 (x = 0, 0.2, 0.8, and 1) single-crystals have been 
investigated using the XAS and XES spectra at the O K-edge and the RIXS spectra at the 
V L3-edge with high resolution. The theoretical O 2p PDOS is in good agreement with 
the XAS and XES spectra, as well as the evolution of the structural parameters with R-
site ionic radius. As the R-site cation varies from La to Lu, the upward energy shift of the 
unoccupied O 2p-R 5d hybridization states and the spectral broadening of the occupied O 
2p states observed in the experimental spectra are predicted by the LSDA+U calculation. 
Additionally, the temperature dependence of the XAS and XES spectra is in agreement 
with the crystal structure of La1-xLuxVO3 reflected by the measurements in this thesis and 
based on the previous studies. In the V L3-edge RIXS spectra, the increased energy 
position and the enhanced spectral strength of dd
*
 transitions with the decrease of R-site 
ionic size is attributed to the increase of VO6 octahedral tilting magnitude. Overall, the 
increase of the RIXS spectral strength upon cooling down to the low-temperature OO 
phase agrees with the formation of the collective Jahn-Teller distortion. However, the 
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suppression in the RIXS intensity of the mixture compounds, with respect to that of the 
pure compounds, is associated with the suppression of G-type OO and the undergoing 
development of C-type OO due to R-site substitution in the La1-xLuxVO3 system at low 
temperature (~ 95 K). 
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Chapter 7 Electronic structure of MnV2O4 crystals studied by soft x-
ray spectroscopies and density functional theory 
 
7.1  Introduction to the spinel MnV2O4 
The spinel compounds AB2O4 (in general A = metal, B = transition metal) offer a key 
group of transition-metal oxides (TMOs), displaying a frustrated pyrochlore lattice with 
corner-sharing tetrahedra formed by the B cations. These spinel compounds are very 
suitable to investigate the complex behavior of d electrons, particularly the intriguing 
interplay between spin, charge, orbital, and lattice degrees of freedom. When lowering 
temperature, these spinel oxides would undergo structural phase transitions from cubic to 
tetragonal symmetry, often accompanied by orbital ordering (OO), as well as complex 
magnetic transitions at low temperatures.[180] Compared to other vanadium spinel 
oxides AV2O4 (A = Zn, Mg, or Cd) with nonmagnetic A-site, the existence of two 
magnetic cations (Mn
2+
 and V
3+
) in MnV2O4 leads to more complicated magnetic phase 
transitions. Upon cooling down to TN = 56 K, MnV2O4 exhibits a magnetic transition 
from paramagnetic to collinear ferrimagnetic phase with the magnetic moments of the 
Mn and V sites aligned in opposite directions.[17, 35] At Ts = 53 K, a second magnetic 
transition to noncollinear ferrimagnetic phase occurs, concomitantly with a structural 
transition from cubic (Fd-3m) to tetragonal (I41/amd) phase.[17, 35] In addition, an 
orbital-ordered arrangement of V t2g orbitals has been proposed to exist in the 
noncollinear ferrimagnetic phase of MnV2O4 by both theoretical[181] and 
experimental[35, 36] studies.  
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Figure 7.1. An unit cell of the crystal structure of MnV2O4 and the highlighted networks of MnO4 
tetrahedra (olive color) and VO6 octahedra (navy blue color). Red solid balls represent oxygen anions, blue 
solid balls describe V-site cations, and green solid balls represent Mn-site cations. 
In spinel oxide MnV2O4, the A site is occupied by the Mn
2+
 cation, which has a 3d
5
 high-
spin configuration with partially filled eg orbitals, whereas the B site contains the V
3+
 
cation, which displays a 3d
2
 high-spin occupation in the triply near-degenerate t2g 
orbitals. At room temperature, MnV2O4 crystallizes in a cubic crystal structure (space 
group Fd-3m, No. 227), consisting of MnO4 tetrahedra and VO6 octahedra with slight 
trigonal distortions. Figure 7.1 shows an unit cell of the crystal structure of MnV2O4, 
together with the Mn and V polyhedra arrangement. The coordination geometries of the 
Mn and V sites lead to the local crystal fields, which split their fivefold degenerate 3d 
orbitals. For tetrahedrally coordinated Mn, the eg levels are lower in energy than the t2g 
levels, whereas, the energy splitting is opposite for octahedrally coordinated V. From this 
perspective, MnV2O4 is a very interesting TMO system, which contains both eg-active 
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(Mn
2+
) and t2g-active (V
3+
) cations with completely different local crystal fields 
(tetrahedral and octahedral, respectively).  
In order to understand the complexity of AB2O4 involving d-electrons, it is very important 
to study their underlying electronic structures. The electronic structure of V 3d states in 
the low-temperature OO phase has been the focus of recent studies of MnV2O4. 
Theoretically, the V 3d PDOS of the tetrahedral MnV2O4 has been calculated within the 
LSDA + U.[181] In the optical reflectivity spectra of MnV2O4,[182] two Mott excitations 
(the inter-site dd
*
 excitations across two adjacent V-sites) were found at 1.6 and 2.3 eV 
and their anisotropic changes below the structural transition temperature were observed, 
in agreement with the prediction of multiplet structures. Nevertheless, the complete band 
structure of MnV2O4 at room temperature remains unexplored yet, especially the 3d 
states of Mn
2+
 cation. Note that the band structures of several other AV2O4 compounds 
have been studied previously. For example, the band structure of LiV2O4[183] has been 
calculated through LDA and MgV2O4[184] via GGA + U. Experimentally, the valence 
bands and core levels of LiV2O4,[185] ZnV2O4,[185] CdV2O4,[185] and LixZn1-
xV2O4[186] have been measured using XPS. In addition, the valence states of Fe and V 
(Cr) ions of FeV2O4[187, 188] and FeCr2O4[188] were suggested to be mainly divalent 
and trivalent, respectively, from the V 2p XAS. Although in the same paramagnetic phase 
as these AV2O4 compounds, MnV2O4 may have quite different band structure, owing to 
the presence of the magnetic Mn
2+
 cation. 
In this thesis, the electronic structure of cubic MnV2O4 in the paramagnetic phase has 
been extensively studied by soft x-ray spectroscopic measurements and comparative 
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theoretical calculations. In the first part of this Chapter, the PDOS of O 2p and TM 3d 
states is explored experimentally by the XAS and RXES at the O K-edge, as well as the 
resonant x-ray photoemission spectroscopy (RPES) at the TM L3-edges. Furthermore, the 
measured band structure of MnV2O4 is directly compared to the DFT calculations. In the 
second part, the electronic structure of V and Mn 3d orbitals is further investigated by the 
XAS and RIXS measurements at both TM L-edges. The CFM calculations are compared 
to the experimental spectra to study the local crystal fields and multiplet effects in 
MnV2O4. The nature of low-energy excitations in the RIXS spectra is discussed by 
identifying the crystal-field excitations with the aid of the CFM calculations. 
 
7.2 Soft x-ray spectroscopic measurements 
Single crystals of MnV2O4 were grown by means of the floating zone technique using a 
high-temperature xenon arc furnace at the University of Warwick. The crystal quality has 
been characterized by Laue back-reflection diffraction and magnetization measurements. 
The soft x-ray measurements were performed at the SXF endstation of Beamline 8.0.1, 
ALS, LBNL and the BU endstation of Beamline X1B, NSLS, BNL. 
Before the measurements, MnV2O4 single-crystals were cleaved in air to expose fresh 
surfaces, and then immediately transferred into the experimental chamber with an ultra 
high vacuum pressure of < 1  10-9 Torr. The XAS spectra were recorded in both TEY 
and TFY detection modes. At the V L- and O K-edges, the incident photon energy 
resolution was set to ~ 0.2 eV and the photon energy scale was calibrated using the O K-
edge and Ti L-edge absorption peaks of rutile TiO2.[163] At the Mn L-edge, the photon 
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energy resolution was ~ 0.3 eV and the energy scale was calibrated with reference to the 
Mn L-edge absorption peaks of Mn metal.[189] The XES and RIXS spectra were 
collected using the soft x-ray emission spectrometers with the design of Rowland circle at 
grazing incidence for gratings.[50, 51] For the measurements at Beamline 8, the emission 
spectrometer resolution was set to ~ 0.7 eV at the O K- and V L-edges and ~ 0.8 eV at the 
Mn L-edge, respectively. For the X1B data set, the spectrometer resolution was ~ 1.3 eV 
at the V L-edge. The XES spectrometer energy scales were calibrated using metal Zn L-
shell emission lines in 2nd order[54] and metal Mn Lα and Lβ emission lines. 
 
7.3  Band structure calculations 
The spin-polarized calculations for the electronic structure of cubic MnV2O4 have been 
carried out by using DFT and hybrid exchange functional PBE0[133] as implemented in 
the CRYSTAL 09 code.[134] The Gaussian-type basis sets designed for Mn,[190] 
V,[136] and O[190] atoms in solid-state compounds are used throughout all the 
calculations. The Monkhorst-Pack samplings[138] of reciprocal space are carried out by 
choosing a grid of shrinking factor to be 6 × 6 × 6 to maintain the consistency with the 
ratios among reciprocal lattice parameters in MnV2O4. The experimental structure[17] is 
adopted in all the calculations. The spins on Mn are anti-aligned to those on V in the 
calculation. The truncation of the Coulomb and exchange series in direct space is 
controlled by setting the Gaussian overlap tolerance criteria to 10
-6
, 10
-6
, 10
-6
, 10
-6
, and 
10
-12
.[134] The self-consistent field (SCF) procedure is converged to a tolerance of 10
-6
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a.u. per unit cell. To accelerate convergence of the SCF process, all calculations have 
been performed through adopting a linear mixing of Fock matrices by 30%. 
Electronic exchange and correlation are described using the PBE0 hybrid 
functional.[133] The advantages of PBE0 functional include a partial elimination of the 
self-interaction error and balancing the tendencies to delocalize and localize wave 
functions by mixing a quarter of Fock exchange with that from a generalized gradient 
approximation (GGA) exchange functional.[133] The performance of the hybrid 
functional such as PBE0,[133] implemented in CRYSTAL code[134] has previously 
been shown to provide an accurate description of the electronic structure and magnetic 
properties for both inorganic and organic compounds.[191, 192]  
The calculated partial densities of states of O 2p, V 3d and Mn 3d orbitals of MnV2O4 are 
shown in Figure 7.2. Localized TM 3d states develop at the top of the VB structure and 
are composed of occupied V 3d t2g↓ states at ~ -0.7 eV, followed by occupied Mn 3d 
states at ~ -1.5 eV (Mn t2g↑ states) and ~ -2.5 eV (Mn eg↑ states), respectively. Toward the 
lower bound of the VB, O 2p states dominate the contribution to the occupied PDOS. 
Those VB states in the energy range between ~ -8 and ~ -3.6 eV originate from occupied 
O 2p-V 3d and O 2p-Mn 3d hybridization. Non-bonding O 2p states are found at ~ -3 eV, 
where the TM 3d components are almost ignorable and the contribution nearly arises 
from pure O 2p states. The CB structure expands the energy region from ~ 1.1 to ~ 9.5 
eV in the calculation. The bottom of the CB is primarily comprised of the unoccupied V 
t2g↓ states centered at ~ 1.7 eV. The rest of the CB is mainly contributed by unoccupied O 
2p-V 3d and O 2p-Mn 3d hybridization states.  
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Figure 7.2. Partial densities of states of O 2p (light grey lines), V 3d (grey lines), and Mn 3d orbitals (black 
lines) of MnV2O4 from spin-polarized calculations using DFT and hybrid exchange functional. 
The formation of localized V 3d states in cubic MnV2O4, which is theoretically predicted 
here, agrees with the ground state calculation in the low-temperature tetragonal 
phase.[181] The occupied Mn 3d states are found to be very close to occupied V 3d t2g 
states in energy and a mixing between them through bonding with O 2p states is 
suggested in the calculation. This indicates more localized electronic structure of 
MnV2O4 than other AV2O4 compounds.[183, 184] The splitting of the Mn 3d states into 
t2g↑ and eg↑ states in MnV2O4 is opposite to that in MnO,[193] in agreement with their 
completely different local-crystal fields. 
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7.4 O K-edge XAS/XES study of MnV2O4 
Figure 7.3 presents the comparison between the experimental O K-edge spectra of XAS-
TFY and non-resonant XES and the theoretical O 2p PDOS obtained from the DFT 
calculation. The calculated valence band maximum (VBM) defines the zero energy of the 
binding energy scale here. To allow direct comparison between experiments and 
calculations, the photon energy scale of the XES spectrum is approximately aligned with 
the resultant binding energy scale of the VB by matching the extrapolated emission onset 
with the theoretical VBM. In addition, the absorption spectrum has been rigidly shifted 
towards higher photon energy by ~ 1 eV to approximately account for the core-hole 
effect in the XAS process.[194] Aside from the core-hole energy shift, a direct 
comparison between the O K-edge spectra and the ground-state DFT calculation has been 
suggested to be an excellent approximation for TMOs.[194] Correspondingly, the 
theoretical unoccupied O 2p PDOS is rigidly shifted until the calculated band separation 
agrees with the experimental value, owing to the well-known inaccuracy in determination 
of energy gap through DFT. The theoretical CB curve of O 2p PDOS (multiplied by the 
inverse Fermi function at room temperature) has been broadened with a Lorentzian 
function with half width at half maximum (HWHM) of 0.22 eV and then a Gaussian 
function with full width at half maximum (FWHM) of 0.2 eV in order to account for the 
O 1s lifetime broadening[94] and the absorption instrumental resolution, respectively. 
Likewise, the calculated VB structure of O 2p PDOS (multiplied by the Fermi function at 
room temperature) has also been convoluted with a Lorentzian (HWHM = 0.22 eV) 
followed by a Gaussian (FWHM = 0.7 eV). 
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Figure 7.3. Comparison between the normalized XAS-TFY (black open circles) and non-resonant XES 
(black filled circles) spectra at the O K-edge and the corresponding O 2p PDOS calculations of the CB 
(grey solid lines) and VB (black solid lines) for MnV2O4. The experimental photon energy scale (top axis) 
and the theoretical binding energy scale (bottom axis) are approximately aligned with respect to each other. 
The energy position of the Fermi level is indicated by a vertical dotted line. 
After this correction of the core-hole energy shift, the O K-edge experimental spectra lead 
to an estimated band gap of ~ 1.1 eV between the occupied and unoccupied O 2p 
hybridized states. This gap value is in good agreement with an energy gap of ~ 1.1 eV 
between occupied and unoccupied V t2g states predicted by the ground state calculation of 
MnV2O4 within LSDA + U approach.[181] Good agreement between the experimental 
spectra and the theoretical PDOS is obtained in the binding energy region from ~ -9 to ~ 
9 eV. The XES spectrum of the photon energy range from ~ 520.5 eV to ~ 526.5 eV, 
including the main emission peak (at ~ 525.1 eV), primarily originates from O 2p-V 3d 
and O 2p-Mn 3d hybridized states. The contribution of non-bonding O 2p states to the 
occupied O 2p PDOS is suggested to be essentially much weaker than the bonding states 
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from the theoretical results. A notable feature observed at ~ 528.5 eV in the XES 
spectrum arises from the weak mixing between occupied O 2p and V 3d orbitals. This 
feature corresponds to the occupied V t2g↓ states predicted at ~ -0.7 eV in the calculation. 
Finally, a shoulder feature located around 527 eV in the XES spectrum is due to the 
mixing of O 2p orbitals with the occupied Mn 3d t2g↑ and eg↑ states, which are predicted 
at ~ -1.5 and ~ -2.5 eV, respectively, in the calculation.  
A knee feature is found at ~ 531.6 eV in the XAS spectrum and its corresponding origin 
as unoccupied V t2g↓ states is found at ~ 1.7 eV in the calculation. This feature is well 
separated from the rest of unoccupied PDOS, which resembles the energy splitting of 
unoccupied V t2g↑ and t2g↓ states at the CB bottom of LaVO3.[195] The main absorption 
peak, expanding from ~ 532 eV to ~ 536 eV, is mainly contributed by O 2p-V 3d and O 
2p-Mn 3d hybridization states. Lastly, the broad feature between 538 eV and 544 eV (not 
shown here) in the XAS spectrum mostly comes from O 2p-V and Mn 4sp hybridization, 
consistent with other vanadium oxides.[143]  
 
7.5  O K-edge RXES and Mn/V L3-edge RPES 
Figure 7.4 displays the normalized (to the maximum intensity) O K-edge RXES spectra, 
along with their corresponding XAS (TFY) spectrum. The excitation energies are varied 
across the XAS spectrum to be resonant with spectral features. The above-threshold XES 
spectrum (hν ~ 576 eV) is also plotted on top of the RXES spectra to demonstrate the 
resonant effect. In the RXES spectrum (excited at 530.6 eV) displayed at the bottom of 
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figure 7.4, a small peak, which coincides its energy location with the incident photon 
energy, originates from the elastic scattering of x-rays. 
 
 
Figure 7.4. The normalized O K-edge RXES spectra (black solid lines) and corresponding TFY spectrum 
(grey solid line). The RXES excitation energies are located at the XAS spectral features, which are marked 
with black crosses. The non-resonant XES spectrum is also plotted on top of the RXES spectra to 
demonstrate the resonant effect.  
Focusing on the RXES spectra first, in the spectrum when excited at 530.6 eV (resonant 
with the unoccupied O 2p-V t2g hybridization states), the spectral weight of the occupied 
O 2p states at ~ 522.5 eV is visibly increased with respect to the main emission peak. 
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This indicates the origin of these bonding states (at ~ 522.5 eV) in emission as occupied 
O 2p-V t2g hybridization. For the rest of the RXES spectra, the spectral line shape is 
alike, reflecting similar resonance effect. Turning to the non-resonant XES spectrum, the 
emission shoulder feature around 527 eV (the mixing of occupied O 2p and Mn 3d states) 
appears much stronger than that in the RXES spectra. Most likely, this is due to the 
resonance of O 2p bonding states in the RXES spectra and consequently the main 
emission peak (occupied O 2p-V and O 2p-Mn 3d hybridization) is relatively enhanced 
with respect to the emission shoulder. On the other hand, the energy location of this 
emission feature resembles a shoulder feature (at ~ 2 eV above the main emission peak) 
in the O K-edge XES spectra of Mott insulators RVO3, which is associated with a bound 
state of the O 2p hole coupled to the local V d
2
 (S = 1) spin.[176] In addition, the 
coupling between a spin of the O 2p hole and the local Mn d
5
 (S = 5/2) spin is suggested 
to exist in MnO theoretically by combined LDA and DMFT calculations.[196] Likewise, 
these couplings are possibly favored in the non-resonant XES spectrum of MnV2O4, 
where the O 2p hole is not resonantly coupled with any particular unoccupied O 2p states. 
Figure 7.5 shows the normalized RPES spectra at both V L3- and Mn L3-edges, recorded 
with both on- and off-resonance. At the V L3-edge, the incident photon energies are hν = 
516.4 eV (the main absorption peak) and hν = 507.1 eV (off-resonance), respectively. 
The Mn L3-edge RPES spectra were collected with the excitation energies of hν = 641.4 
eV (the main absorption peak) and hν = 637.6 eV (off-resonance), correspondingly.  
In the RPES spectra at both L3-edges, the photoelectron intensities in the resonant spectra 
are greatly enhanced with respect to the non-resonant spectra. This is predominantly  
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Figure 7.5. The normalized V L3-edge and Mn L3-edge RPES spectra, collected with both on- and off-
resonance (grey and black solid lines, respectively). The Mn L3-edge RPES spectra are normalized in a way 
that the occupied V 3d states are matched in both cases, assuming that the excitation of V 3d states is 
irrespective of the resonance at the Mn L3-edge. Accordingly, the V L3-edge RPES spectra are normalized 
with respect to the corresponding intensity of the Mn L3-edge RPES spectra for demonstration. 
contributed by the resonant photoemission from TM 3d states. In particular, in the V L3-
edge RPES spectra, the feature located at ~ -1.6 eV significantly gains its spectral weight, 
when the incident photon energy is switched from off-resonance to on-resonance. This 
feature corresponds to the occupied V t2g states, which is predicted at ~ -0.7 eV by the 
DFT calculation. Similarly, in the resonant spectrum at the Mn L3-edge, an abruptly 
enhanced feature is found to center at ~ -3.8 eV, due to the resonantly-enhanced 
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photoemission from the occupied Mn 3d states (at ~ -2.5 eV in theory). Compared to the 
resonant photoemission of V 3d states, the corresponding line shape of Mn L3-edge RPES 
is much broader, in agreement with the broad structure of occupied Mn 3d states 
(composed of both t2g↑ and eg↑ states) in the calculation. 
 
7.6 V L3-edge RIXS 
Figure 7.6 presents the experimental V L-edge XAS spectra recorded in both TFY and 
TEY modes, alongside the theoretical absorption spectrum calculated from the CFM 
model. The energy scale of the CFM spectrum has been shifted to align with the 
calibrated photon energy scale of the XAS spectra. The CFM spectrum of MnV2O4 is 
calculated with 10Dq = 2.0 eV of Oh symmetry with the Slater integral reduced to 65%. 
The spin-orbit coupling reduction is set to 100% and the charge-transfer contribution is 
not taken into account here for simplicity in this study. The calculated CFM spectrum 
shown in figure 7.6 has been broadened with the energy resolution of 0.2 eV in the XAS 
measurements.  
The V L-edge XAS spectra of MnV2O4 resembles the V 2p XAS spectrum of the spinel 
analogue FeV2O4,[187] and are in good agreement with similar measurements of 
RVO3.[156, 195] This indicates that the local crystal field of VO6 octahedron is alike in 
these vanadates with identical V
3+
 3d
2
 configuration. Indeed, the crystal-field parameters 
employed here to best theoretically simulate the experimental spectra are found to be 
very close to those of FeV2O4[187] and NdVO3.[156] Good agreement is obtained 
between the XAS-TEY spectra and the CFM calculation of MnV2O4. The main peak at ~ 
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516.6 eV in the V L3-edge XAS spectra is primarily associated with excitations to eg 
states and the shoulder feature at ~ 514.6 eV related to excitations within t2g states from 
the CFM calculations.[156] Note that the difference between the TEY and TFY spectra is 
due to self-absorption effects[197] in the TFY process. 
 
Figure 7.6. Comparison between the V L-edge XAS spectra detected in both TFY (black open squares) and 
TEY (black line) modes and the V 2p XAS spectrum (light grey line) computed from the CFM model. The 
discrete transitions during the XAS process (grey sticks) are displayed underneath the CFM spectrum. 
 
Figure 7.7 displays the V L3-edge RIXS spectra of two separate data sets measured at 
BL8 and X1B, respectively. For the BL8 data set, the RIXS spectra were recorded with 
higher resolution to resolve spectral features and are directly compared to the CFM 
calculation in figure 7.7a. Correspondingly, the theoretical spectra were calculated with 
the same excitation energy as the experimental photon energy. The calculated spectra 
shown in figure 7.7a have been broadened with the experimental resolution and 
normalized to the maximum intensity (the elastic peak) of the corresponding 
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experimental spectra. Whereas, the RIXS spectra from X1B were collected with a series 
Figure 7.7. Two separate data sets of V L3-edge RIXS spectra collected at (a) BL8 and (b) X1B, 
respectively, are plotted on an energy transfer axis. In (a), the raw RIXS spectra (black lines) are directly 
compared to the broadened CFM calculations (grey lines) with the theoretical RIXS transitions (black 
sticks). In (b), the data has been deconvoluted with the MaxEnt procedure to partly remove the 
spectrometer resolution. The vertical short-dash lines indicate the energies of local crystal-field excitations. 
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of excitation energies to vary the resonance with the V L3-edge absorption spectrum. The 
X1B data displayed in figure 7.7b have been treated with the MaxEnt procedure to partly 
remove the spectrometer resolution and normalized to the low-energy side of V 3d-O 2p 
hybridized states to facilitate comparison between spectra recorded at different energies.  
Four groups of RIXS features are identifiable in both data sets by inspecting their 
resonance with the incident photon energy. The energy locations of these excitations are 
determined to be ~ -1.8 eV, ~ -2.4 eV, ~ -2.7 eV, and ~ -3.7 eV, respectively, through 
multi-peak fitting with Gaussian function. Two more groups of RIXS features are 
discernible in the X1B spectra when excited at higher photon energy (~ 2 eV above the V 
L3-edge main absorption peak). Their energy locations are found to center at larger 
energy transfer of about -5 eV and -6 eV. The origin of these six groups of RIXS features 
observed here is assigned to local crystal-field excitations (dd
*
 transitions) by the CFM 
calculation. For V
3+
 cation with d
2
 occupation, the RIXS excitation process is 
2p
6
3d
2→2p53d3→2p63d2*, where the * in the final state represents an excited 
configuration of the d
2
 ion. 
Overall, good agreement, especially on transition energies, is obtained between the RIXS 
data and the CFM calculation, as shown by the sticks in figure 7.7a. Nevertheless, some 
discrepancies in spectral intensities are found, which can be interpreted as either the 
variation of elastic scattering related to sample geometry or the contribution of the PDOS 
to the RIXS features. The relative intensity of the elastic peak in RIXS measurements has 
a large degree of dependence on the experimental geometry. At the TM L-edge, to 
measure the emission in a direction perpendicular to the incident photons (with the 
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polarization in the plane of scattering) is usually utilized to minimize the elastic 
scattering of x-rays.[46] However, here in the measurements of MnV2O4, the cleavage 
plane of the sample may not be flat when mounted onto the sample holder, which could 
make the experimental geometry quite off the 90° scattering angle, although attempts 
were made to suppress the elastic scattering. Additionally, a large surface roughness was 
also found possible to occur for a cleaved sample, which may cause extra diffuse, static 
scattering.[46] On the other hand, resonant emission of occupied V 3d states has been 
suggested to overlap with the RIXS features of vanadium oxides[125, 129, 195] when 
excited at the L3-edge. The energy location of these PDOS features stays at constant 
emission energy, but disperses with the energy transfer (the subtraction of incident 
photon energy from emission energy). By inspecting the X1B data set on an emission 
energy scale (not shown here), fluorescence features due to resonant emission of 
occupied V 3d states are found to locate at a constant emission energy of ~ 513 eV. 
Correspondingly in the BL8 data displayed on an energy transfer scale (figure 7.7), these 
PDOS features contribute to the broad RIXS structure in the energy transfer region from 
~ -1 to ~ -4 eV.  
Compared to similar measurements of RVO3 in previous study[156] and Chapter 6, the 
dd
*
 transitions of MnV2O4 present notable differences. Firstly, the appearance of a low-
energy CF excitation, which was found at ~ -1.0 eV in RVO3, is difficult to tell in the 
RIXS spectra of MnV2O4. However, the existence of this transition is predicted by the 
CFM calculation and assigned to singlet t2g excitations. Partly, the difficulty in claiming 
this feature in the RIXS spectra is possibly due to the relatively poorer experimental 
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resolution employed here so that this feature may be hidden underneath the broad spectral 
line shape. On the other hand, this group of transitions, the singlet t2g excitations of 
1
T2 
and 
1
E symmetries, may be intrinsically weaker in MnV2O4 than in RVO3. Secondly, the 
energies of crystal-field transitions of MnV2O4 are smaller than those of RVO3 by 0.1-0.2 
eV. This has been taken into account in the CFM calculation of MnV2O4 by applying a 
slightly smaller value of Slater integral reduction in MnV2O4 (65%) than in RVO3 (70%) 
to adjust the transition energies. Lastly, an energy splitting of ~ 0.2 eV, found in the dd
*
 
transitions of RVO3, is not observed here in MnV2O4. This is consistent with the Oh 
symmetry of VO6 octahedron in MnV2O4. Whereas, in RVO3, the D4h crystal field tends 
to split the triply near-degenerate t2g levels and two-fold eg levels, which leads to the 
energy splitting in dd
*
 transitions. 
 
7.7  Mn L3-edge RIXS 
Figure 7.8 displays the Mn L-edge XAS spectra detected in both TFY and TEY modes, 
together with the calculated absorption spectrum from the CFM model. Like the V L-
edge XAS, the theoretical energy scale here has also been shifted to agree with the 
experimental photon energy scale at the Mn L-edge. To reflect the local crystal field of 
MnO4 tetrahedron in MnV2O4, the CFM spectrum is computed with 10Dq = -0.8 eV, Ds = 
Dt = -0.05 eV of D4h symmetry and by reducing the Slater integral to 80%. The calculated 
CFM spectrum presented in figure 7.8 has been convoluted with the XAS energy 
resolution of 0.3 eV. 
  
150 
 
Figure 7.8. The Mn L-edge XAS spectra recorded in both TFY (black open circles) and TEY (black line) 
modes, in comparison to the CFM spectrum (light grey line) with the theoretical XAS transitions (grey 
sticks). 
Good agreement in spectral feature and line shape is found between the XAS-TEY 
spectrum and the CFM calculation of MnV2O4. The Mn L-edge XAS spectra of MnV2O4 
present clear differences from those of MnO[189, 198] (identical Mn
2+
 3d
5
 
configuration). In particular, two Mn L3-edge XAS features, located at 643.1 and 645.4 
eV, appear better defined than the corresponding features of MnO, whereas, a pre-edge 
feature of MnO,[189, 198] found at ~ 1.1 eV below the Mn L3-edge main peak, becomes 
blurred in the spectra of MnV2O4. The disagreement in the XAS spectral features 
between these two compounds originates from their opposite local crystal fields. In MnO, 
the CFM theory was found to fit the RIXS data well with 10Dq = 1.0 eV and by rescaling 
the Slater integrals to 75%.[189] Similar to the V L-edge XAS spectra, the suppression in 
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the TFY intensity at the Mn L3-edge, with respect to the TEY spectrum, arises from self-
absorption effects[197] in the fluorescence yield measurements. 
Figure 7.9 presents the normalized (to the maximum intensity) Mn L3-edge RIXS spectra 
of MnV2O4 recorded at BL8. Three representative spectra were collected with the 
incident photon energy resonant with the Mn L3-edge XAS features (641.8 eV, 643.1 eV, 
and 645.4 eV). Correspondingly, the CFM spectra were computed with the same 
excitation energy as comparison. The CFM spectra displayed in figure 7.9 have been 
broadened with the experimental resolution and rescaled in intensity to agree on the 
elastic peak with the measured data.  
 
 
Figure 7.9. The Mn L3-edge RIXS spectra collected at BL8 (black lines) are directly compared to the CFM 
calculations (grey lines) on an energy transfer axis. The discrete transitions in the RIXS process are 
displayed by black sticks. The vertical red dotted line suggests an excitation which is not predicted by the 
CFM theory. 
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Five groups of loss features, suggested as dd
*
 excitations by the CFM calculation, are 
identifiable in the experimental spectra. Their energy locations are determined to be ~ -
2.6 eV, ~ -3.5 eV, ~ -4.0 eV, ~ -4.5 eV, and ~ -5.2 eV, respectively, through multi-peak 
fitting with Gaussian function. These RIXS energies are in good agreement with the 
transition energies calculated from the CFM model, as shown by the sticks in figure 7.9. 
For the dd
*
 excitations of Mn
2+
 cation, the RIXS process is 2p
6
3d
5→2p53d6→2p63d5* 
with an excited d
5
 configuration in the final state. Discrepancy in spectral intensity is 
found between the CFM calculation and the RIXS spectra when excited at 641.8 and 
643.1 eV. Whereas, in the spectrum excited at 645.4 eV, when the elastic peak is weak, 
better agreement on the intensity of the dd
*
 excitations relative to the elastic peak is 
obtained. Similar to the V L3-edge RIXS, this may be attributed to the geometry-related 
variation of elastic scattering, owing to the same experimental geometry in the 
measurements at both edges.  
However, the RIXS feature, located at ~ -0.8 eV right next to the elastic peak, doesn't 
correspond to any transition predicted by the CFM theory. Consequently, the nature of 
this feature is not considered as a crystal-field excitation here. The origin of this feature 
as low-energy elementary excitations, such as phonons, orbitons, and magnons, can be 
ruled out as well. The energy of this feature (~ 0.8 eV) is well above phonons (typically < 
0.1 eV in solids), orbitons (e.g. 0.25 eV in LaTiO3 and YTiO3[199]), and magnons (e.g. 
0.14 eV in La2CuO4[200]). This energy is also higher than bi-orbitons (e.g. 0.4 eV in 
YVO3[157]) and bi-magnons (e.g. 0.5 eV in La2CuO4 and Nd2CuO4[201]). In addition, 
the strength of this feature is the strongest in the spectrum when resonant with the Mn L3-
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edge main absorption peak. This doesn't resemble the intensities of orbitons and 
magnons, which are generally weaker than the spectral weight of crystal-field excitations.  
Instead, this RIXS feature is tentatively interpreted as an orbital excitation across the 
band gap in MnV2O4. In fact, the transitions across the band gap from LHB to UHB have 
been reported for Mott insulators, such as LaMnO3 (2.5 eV)[202] and Sr2IrO4 (0.5 
eV),[203] and cuprates using RIXS measurements. According to the DFT calculation and 
previous measurements in this study, the localized TM 3d states of MnV2O4 form a band 
gap of ~ 1.1 eV mainly through V 3d t2g states. On the other hand, a mixing of Mn 3d 
states with V 3d states through bonding with O 2p orbitals is also suggested by the DFT 
calculation. Therefore, the excitation across the band gap of MnV2O4 can possibly take 
place, and is perhaps enhanced, through these mixed states in the Mn L3-edge RIXS. 
Considering the large error in estimating core-hole energy shift and the energy resolution 
in recording experimental spectra (e.g. ~ 0.7 eV for emission), the energy gap (~ 1.1 eV) 
determined from the O K-edge XAS/XES more or less agrees with the energy (~ 0.8 eV) 
of this proposed interband excitation in RIXS. However, it remains somehow obscure 
that this excitation at ~ -0.8 eV appears very strong in the Mn L3-edge RIXS spectra, but 
almost indiscernible in the V L3-edge spectra. One possible explanation is that the orbital 
excitation across the band gap is relatively weak at the V L3-edge and the resonant 
emission of local crystal-field excitations dominates the RIXS process of insulating 
vanadium oxides, e.g. RVO3.[156, 195]  
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7.8 Conclusions 
In this thesis, the paramagnetic-phase electronic structure of spinel MnV2O4 has been 
extensively investigated by the soft x-ray spectroscopic measurements at room 
temperature and the theoretical calculations of the cubic structure. The O 2p PDOS of 
MnV2O4 is well studied by both the O K-edge XAS/XES measurements and the DFT 
calculations and good agreement between them is obtained. The existence of occupied V 
and Mn 3d states at the top of the VB is demonstrated by the RPES at the V and Mn L3-
edges, in agreement with the DFT calculations and other measurements in this study. 
Crystal field parameters of VO6 octahedra and MnO4 tetrahedra are obtained by agreeing 
the CFM calculations with the XAS and RIXS spectra at both TM L-edges. Local crystal-
field dd
*
 excitations are measured by the V L3-edge and Mn L3-edge RIXS and are well 
explained by the CFM calculations. However, a loss feature located at ~ -0.8 eV in the 
Mn L3-edge RIXS spectra is not predicted by the CFM theory and is tentatively 
interpreted as an excitation across the energy gap. 
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Chapter 8 Concluding remarks and future work 
 
8.1  Concluding remarks 
In conclusion, the electronic structures of electronically and structurally representative 
TMOs are well studied using synchrotron-based x-ray spectroscopies in this thesis. 
Experimentally, XAS, XES (RXES), and XPS (RPES) have been combined as 
complementary spectroscopic techniques and employed to survey the complete band 
structure of TMOs. RIXS has been demonstrated as a local probe to study low-energy 
excitations of complex TMOs. The band structure and orbital anisotropy of these d-
electron TMOs are extensively measured and compared to DFT calculations. 
Furthermore, their complex properties, such as lattice distortion, orbital ordering, and 
phase transition, etc., are also investigated in details.  
For all four TMOs involved in this thesis, the O 2p PDOS has been comparatively studied 
through O K-edge XAS/XES measurements and DFT calculations. Good agreement 
between experimental spectra at the O K-edge and ground-state DFT calculations has 
been obtained for these TMOs, in spite of the effect of O 1s core hole in the XAS final 
state. A core-hole energy shift of ~ -(0.7±0.2) eV is experimentally determined for 
tungsten oxides and can possibly be applicable to other metal oxides. After accounting 
for the core-hole energy shift, the O K-edge XAS/RXES measurements with polarization-
dependent experimental geometry have been demonstrated to be a practical method to 
extrapolate the indirect and direct band gaps of insulating oxides.  
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Additionally, the variation of O 2p hybridization states with chemical composition is also 
investigated in this thesis. The bandwidth of the CB of NaxWO3 narrows with sodium 
doping. With the decrease of R size from La to Lu, the unoccupied O 2p-R 5d 
hybridization states of  RVO3 shift upward in energy and the spectral width of the 
occupied O 2p states broadens. Finally, the band structure of TMOs is related to the 
electron configuration of TM cations as well. For the TMO with closed TM shell, e.g. 
WO3, the PDOS of the VB is largely contributed by O 2p states and the CB has 
predominantly delocalized TM d character. Whereas, localized TM d states are found at 
the top of the VB and the bottom of the CB in the TMO with open TM shell, e.g. RVO3 
and MnV2O4. 
By combining with the polarization of x-ray beam, the XAS and RXES measurements 
allow for resolving the orbital anisotropy at the O K-edge under the dipole 
approximation. In Chapter 4, the band dispersion of O 2p non-bonding states measured in 
orbital-specific RXES agrees well with the calculated band structure of WO3. In Chapter 
5, the strong anisotropy probed by polarization-dependent XAS is consistent with the 
preferential orientation of β-Na0.33V2O5 films and the DFT predictions.  
The elementary excitations detected by RIXS in this thesis include local crystal-field 
excitations, charge-transfer excitation, and excitation across the band gap. The V 3d t2g 
orbital splitting of β-Na0.33V2O5 (-1.6±0.1 eV) is found to be much larger than that of β-
Sr0.17V2O5, indicating greater distortions to VO6 octahedra in β-Na0.33V2O5. For La1-
xLuxVO3, the effects of rare-earth size on dd
*
 transitions are attributed to the tilting 
magnitude of VO6 octahedron and the temperature-dependence is associated with the 
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formation of orbital-ordered states and JT distortion. Lastly, the crystal-field excitations 
of MnV2O4 observed in the L3-edge RIXS spectra are identified according to CFM 
calculations. A loss feature located at ~ -0.8 eV in the Mn L3-edge RIXS spectra is 
tentatively interpreted as an excitation across the energy gap. 
 
8.2 Future work 
Upon Na doping, the VB structure of NaxWO3 also displays non-rigid band behavior 
besides narrowing of the CB. At low sodium concentrations, semiconducting NaxWO3 
presents W
5+
-Na
+
 Hubbard bands. For metallic NaxWO3 (x ≥ 0.5), photoemission studies 
suggest that this impurity band completely merges with the conduction band. However, a 
possible tail of localized states is also predicted to subsist at high Na doping level. A 
combined study of ARPES and HAXPES, which covers a wide range of photon energy 
with both surface- and bulk-sensitivities, will be helpful to investigate the existence of 
LHB in Na0.67WO3.  
In addition to substitution with other R cations, the spin-orbital phase diagram of RVO3 
also evolves with R-site hole doping. Owing to itinerant doped hole, partial substitution 
of R with Ca (or Sr) induces the melting of orbital order in RVO3. Pr1-xCaxVO3 is such a 
suitable system, which covers a long-range G-type OO, a short-range correlation of G-
type OO, and an orbital disorder. Future RIXS measurements will shed light on the 
competition between the orbital order and the metallicity of Pr1-xCaxVO3. 
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